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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of Date : October 11, 2000 

HitoshiKiharaetal. Our Docket : SHX314 

For : APPARATUS, METHOD FOR ENRICHMENT OF THE HEAVY 

ISOTOPE OXYGEN AND PRODUCTION METHOD FOR HEAVY 
OXYGEN WATER 

Assistant Commissioner for Patents 
BOX PATENT APPLICATION 
Washington, D.C. 20231 

Sir: 

PRELIMINARY AMENDMENT 
Preliminary to the review of the above identified application, please enter the 
following amendments. 

In the claims: 

Please cancel claims 1-11, without prejudice. 
Please add new claims 12-36, as follows. 

-12. An apparatus for separation of a vapor or liquid mixtures comprising a 

th 

plurality of components using a plurality of distillation columns (a first column to an n 
column) constructed in a cascade comprising: 

introduction conduits which connect the bottom of a column (1 < k < (n-1)) or an outlet 
of a reboiler provided in the vicinity of the bottom of the k* column to the top 
of a (k+l)* column, an inlet of a condenser provided in the vicinity of the top 
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of the (k+1) column, or the middle section of the (k+1) column; and 
return conduits which connect an outlet of the condenser of the (k+1) 111 column to an inlet of 
the reboiler provided in the vicinity of the bottom of the k* column, the 
bottom of the k & column, or the middle of the k m column. 

13. An apparatus according to claim 12, wherein at least one of the distillation 
columns is a packed column in which structured packing (promoting-fluid-dispersion type 
structure packing or non-promotmg-fluid-dispersion type structured packing) is used, or a 
wetted wall column. 

14. An apparatus according to claim 13, comprising a hydrogenation device at a 
stage after the n* column. 

15. An apparatus according to claim 12, comprising: 
an isotope scrambler; 

an extraction conduit which connects at least one section of said apparatus to an inlet of the 
isotope scrambler; and 

a return conduit which connects at least one section of said apparatus to an outlet of the 
isotope scrambler. 

16. An apparatus according to claim 15, comprising a hydrogenation device at a 
stage after the n* column. 
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17. An apparatus according to claim 12, comprising a hydrogenation device at a 
stage after the n** 1 column. 

18. A method of producing heavy oxygen water, comprising: 

obtaining an enriched material which has been enriched in at least one component from 
oxygen molecules which contain heavy oxygen isotopes by means of 
cryogenic distillation of an oxygen starting material which contains heavy 
oxygen isotopes using an apparatus according to claim 12. 

obtaining water containing heavy oxygen water corresponding to said enriched material by 
adding hydrogen to said enriched material; and, thereafter, 

further enriching said heavy oxygen water using an apparatus according to claim 12. 

19. An apparatus for separation of a vapor or liquid mixtures comprising a 

th 

plurality of components using a plurality of distillation columns (a first column to an n 
column) constructed in a cascade comprising: 

introduction conduits which connect the bottom of a k til column (1 < k < (n-1)) or an outlet 
of a reboiler provided in the vicinity of the bottom of the column to the top 
of a (k+l)* column, an inlet of a condenser provided in the vicinity of the top 
of the (k+l)* column, or the middle section of the (k+l)* 1 column; and 

return conduits which connect the top of the (k+l) 4 column, or the inlet of the condenser 
provided in the vicinity of the top of the column to the bottom of the k* 
column, or the middle of the k* column via a blower. 
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20. An apparatus according to claim 19, wherein at least one of the distillation 
columns is a packed column in which structured packing (promoting-fluid-dispersion type 
structure packing or non-promoting-fluid-dispersion type structured packing) is used, or a 
wetted wall column. 

21. An apparatus according to claim 20, comprising a hydrogenation device at a 
stage after the n & column. 

22. An apparatus according to claim 19, comprising: 
an isotope scrambler; 

an extraction conduit which connects at least one section of said apparatus to an inlet of the 
isotope scrambler; and 

a return conduit which connects at least one section of said apparatus to an outlet of the 
isotope scrambler. 

23. An apparatus according to claim 22, comprising a hydrogenation device at a 
stage after the n* column. 

24. An apparatus according to claim 19, comprising a hydrogenation device at a 
stage after the n* column. 

25. A method of producing heavy oxygen water, comprising: 
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obtaining an enriched material which has been enriched in at least one component from 
oxygen molecules which contain heavy oxygen isotopes by means of 
cryogenic distillation of an oxygen starting material which contains heavy 
oxygen isotopes using an apparatus according to claim 19. 

obtaining water containing heavy oxygen water corresponding to said enriched material by 
adding hydrogen to said enriched material; and, thereafter, 

further enriching said heavy oxygen water using an apparatus according to claim 19. 

26. A method of producing heavy oxygen water, comprising: 

obtaining an enriched material which has been enriched in at least one component from 
oxygen molecules which contain heavy oxygen isotopes by means of 
cryogenic distillation of an oxygen starting material which contains heavy 
oxygen isotopes using an apparatus according to claim 19. 

obtaining water containing heavy oxygen water corresponding to said enriched material by 
adding hydrogen to said enriched material; and, thereafter, 

further enriching said heavy oxygen water using an apparatus according to claim 19. 

27. A method of producing heavy oxygen water, comprising: 

obtaining an enriched material which has been enriched in at least one component from 
oxygen molecules which contain heavy oxygen isotopes by means of 
cryogenic distillation of an oxygen starting material which contains heavy 
oxygen isotopes using an apparatus according to claim 12. 
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obtaining water containing heavy oxygen water corresponding to said enriched material by 

adding hydrogen to said enriched material; and, thereafter, 
further enriching said heavy oxygen water using an apparatus according to claim 12. 

28. A method of enrichment of oxygen isotopes in which an oxygen starting 
material containing heavy oxygen isotopes is enriched by means of a cascade process using 
a plurality of distillation columns (a first column to an n th column) comprising: 

supplying at least a part of a vapor from the bottom of a k til (1 < k < (n-1)) column or an 
outlet of a reboiler provided in the vicinity of the bottom of the k A column to 
the top of a (k+l)* column, an inlet of a condenser provided in the vicinity of 
the top of the (k+lf 1 column, or a middle section of the (k+l)* column; 

returning at least a part of the liquid from the top of the (k+l)* column or an outlet of the 
condenser of the (k+1)* column to an inlet of a reboiler of the k til column, the 
bottom of the column, or the middle section of the k 1 * 1 column; 

carrying out enrichment in at least one type of oxygen molecule of 16 0 17 0, 16 0 18 0, 17 0 17 0, 
17 0 18 0, and 18 0 18 0, which contain heavy oxygen isotopes. 

29. A method of enrichment of oxygen isotopes comprising subjecting an oxygen 
isotope-enriched material enriched by means of a method of enrichment according to claim 
28 to oxygen isotope scrambling to obtain an enriched product having an even higher 
concentration of at least one type of said oxygen molecules which contain heavy oxygen 
isotopes. 
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30. A method of enrichment of oxygen isotopes comprising: 

subjecting an oxygen isotope-enriched material enriched by means of a method of 
enrichment according to claim 28 to oxygen isotope scrambling to obtain an 
enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes; and 

obtaining an enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes by means of 
conducting a method of enrichment according to claim 28 again on said 
enriched material. 



31. A method of enrichment of oxygen isotopes in which an oxygen starting 
material containing heavy oxygen isotopes is enriched by means of a cascade process using 
a plurality of distillation columns (a first column to an n th column) comprising: 
supplying at least a part of a vapor from the bottom of a (1 < k < (n-1)) column or an 
outlet of a reboiler provided in the vicinity of the bottom of the k^ column to 
the top of a (k+lf 1 column, an inlet of a condenser provided in the vicinity of 
the top of the (k+l)* 11 column, or a middle section of the (k+l) th column; 
returning at least a part of the liquid from the top of the (k+l) til column or an outlet of the 
condenser of the (k+l) th column to an inlet of a reboiler of the k* column, the 
bottom of the k 1 * 1 column, or the middle section of the k* column; 
carrying out enrichment in at least one type of oxygen molecule of 16 O l7 0, 16 0 18 0, l7 O l7 0, 
17 0 lg O, and 18 0 18 0, which contain heavy oxygen isotopes. 
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32. A method of enrichment of oxygen isotopes comprising subjecting an oxygen 
isotope-enriched material enriched by means of a method of enrichment according to claim 
31 to oxygen isotope scrambling to obtain an enriched product having an even higher 
concentration of at least one type of said oxygen molecules which contain heavy oxygen 
isotopes. 

33 . A method of enrichment of oxygen isotopes comprising: 

subjecting an oxygen isotope-enriched material enriched by means of a method of 
enrichment according to claim 31 to oxygen isotope scrambling to obtain an 
enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes; and 
obtaining an enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes by means of conducting a 
method of enrichment according to claim 3 1 again on said enriched material. 

34. A method of enrichment of oxygen isotopes comprising: 

subjecting an oxygen isotope-enriched material enriched by means of a method of 
enrichment according to claim 31 to oxygen isotope scrambling to obtain an 
enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes; and 
obtaining an enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes by means of conducting a 
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method of enrichment according to claim 28 again on said enriched material. 

35. A method of enrichment of oxygen isotopes comprising: 

subjecting an oxygen isotope-enriched material enriched by means of a method of 
enrichment according to claim 28 to oxygen isotope scrambling to obtain an 
enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes; and 
obtaining an enriched product having an even higher concentration of at least one type of 
said oxygen molecules which contain heavy oxygen isotopes by means of conducting a 
method of enrichment according to claim 3 1 again on said enriched material. 

36. A method of enrichment of oxygen water in which a water starting material 
containing heavy oxygen water is enriched by means of a cascade process using a plurality 
of distillation columns comprising: 

supplying at least a part of the water vapor from the bottom of a k" 1 (1 < k < (n-1)) column 

th 

or an outlet of a reboiler provided in the vicinity of the bottom of the k 
column to the top of a (k+l)* column, an inlet of a condenser provided in the 
vicinity of the top of the (k+l) th column, or a middle section of the (k+l) th 
column; 

introducing at least a part of the liquid from the top of the (k+lf column or an outlet of the 
condenser of the (k+1)* column to an inlet of a reboiler of the k* column, the 
bottom of the k* column, or the middle section of the k* column; and, thereby 
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canying out enrichment in at least one type of heavy oxygen water of H 2 , O, H 2 , O, 

D 2 , 17 0, D 2 , 18 0, DH 17 0, and DH 18 0, which contain heavy oxygen isotopes.- 
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Apparatus, Method for Enrichment of the Heavy Isotopes of Oxygen 
and Production Method for Heavy Oxygen Water 

Background of the Invention 

Field of the Invention 

The present invention relates to an apparatus for separation/enrichment of isotopes of a 
uniform compound, and to an apparatus and method for obtaining heavy oxygen water in which 
the oxygen isotopes 17 0 and 18 0 (referred to as heavy oxygen isotopes) within the water 
molecules have been enriched. More specifically, the present invention relates to a method of 
producing water enriched in the oxygen isotopes of 17 0 and ls O in which oxygen is enriched in 
16 0 17 0, 16 O i8 0, 17 0 17 0, 17 0 18 0, and 18 0 18 0 by ciyogenic distillation of oxygen, and then 
converted to water, and to a method of producing water which is further enriched in the oxygen 
isotopes of I7 0 and !8 0 in which oxygen is enriched in i6 0 17 0, 16 0 I8 0, 17 0 I7 0, 17 0 18 0, and 

O O by cryogenic distillation of oxygen, and then converted to water which is then subject to 
water distillation. 

Description of the Related Art 

In the distillation operation in a system in which the relative vapor pressure (separation 
factor) is extremely small, as represented by the process of distillation separation/enrichment of 
isotopes, an extremely large theoretical number of plates is necessary. 

In this case, generally, packed columns are used in order to suppress pressure loss 
within the column, however, it is not uncommon for the required packing height therefor to 
reach several hundred meters. 

Consequently, actual apparatuses are constructed with a plurality of distillation columns 
connected by piping, the whole of which comprises a single distillation column group. 

Figure 18 shows an example of an apparatus provided with three distillation columns 
with each of the columns (first to third columns 61, 62, and 63) connected. 

In this apparatus, the liquid which accumulates in the bottom of the first distillation 
column 61 and the second distillation column 62 is supplied by means of pumps 61a and 62a to 
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the tops of second distillation column 62 and third distillation column 63 respectively as reflux 
liquid. Vapor which is drawn off from the top of the second column 62 and the third column 63 
is returned to the bottoms of the first column 61 and the second column 62 respectively as 
ascending vapor. 

In this process, the supply of the process fluid from the first column 61 to the second 
column 62 and from the second column 62 to the third column 63 is carried out by liquid pumps 
6 1 a and 62a, but the return of the process liquid from the second column 62 to the first column 
6 1 , and from the third column 63 to the second column 62 occurs due to the pressure differences 
in the vapor. Therefore, the pressure within the distillation columns must be successively 
higher from the first column 61 toward the third column 63. In general, since the relative vapor 
pressure (separation factor) is smaller the higher the operating pressure of the distillation 
column, distillation efficiency is lower in the second column 62 than the first column 61, and 
lower in the third column 63 than in the second column 62. 

In addition, in general, as in isotope separation processes, when the relative vapor 
pressure of the separation components is extremely small and the packing height is extremely 
large, the time (hereinafter referred to as the start-up time) from the start up of the apparatus 
until it becomes possible to collect the stipulated amount (the product amount extracted in 
accordance with the specifications, or the planned value) may take from several month to 
several years. Consequently, reduction of the start-up time has hitherto been an issue. 

The start-up time is heavily dependent on the process liquid hold-up within the 
apparatus, and the greater the amount thereof, the longer the start-up time is. 

Figure 1 9 shows a distillation process having a the same functions as the apparatus 
shown in Figure 18, and each column 71, 72, and 73 are provided with condensers 5, 7 and 9, 
and reboilers 6, 8, and 10. These are apparatuses which are generally used in processes 
comprising a plurality of distillation columns. The diameter of the distillation columns 
becomes smaller from the column 71 to which the starting material is fed to the column 73 
which is downstream from column 71 . 

Thereby, it is possible to reduce the process liquid hold-up within the apparatus, and to 
shorten the start-up time. 
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However, even when using this type of apparatus, since the pressure within the 
distillation column increase from the first column 71 to the third column 73, in the same way as 
with the apparatus shown in Figure 18, the distillation efficiency is lower in the second column 
72 than in the first column 71 , and is lower in the third column 73 than in the second column 72. 

Reductions in the distillation efficiency are led to increases in the necessary packing 
height of the distillation column and to increases in the process liquid hold up, therefore, they 
are not desirable from the point of view or shortening the start-up time. 

In addition, in conventional isotope distillation processes, columns packed using 
unstructured packing have been used. In general, unstructured packing has a larger specific 
surface area compared with structure packing, however, the liquid hold-up within the 
distillation column is 10 to 20% of the volume of the column, and in some cases exceeds 20%, 
and this is a cause of prolonged start-up time. 

Summary of the Invention 

In consideration of the above-mentioned circumstances, the present invention has as an 
object the provision of an apparatus comprising a plurality of distillation columns and with 
which the start-up time is shorter than with conventional apparatuses. 

In order to overcome the above-mentioned problems, the apparatus of the present 
invention is an apparatus for separation of a vapor or liquid mixture comprising a plurality of 
distillation columns (a first column to an n th column) constructed in a cascade comprising 
introduction conduits which connect the bottom of a k th column (1 ^ k ^ (n-1)) or an outlet of 
a reboiler provided in the vicinity of the bottom of the k th column to the top of a (k+l) th column, 
an inlet of a condenser provided in the vicinity of the top of the (k+l) th column, or the middle 
section of the (k+l) th column, and return conduits which connect an outlet of the condenser of 
the (k+l) th column to an inlet of the reboiler provided in the vicinity of the bottom of the k th 
column, the bottom of the k th column, or the middle section of the k th column. 

In addition, the apparatus of the present invention is an apparatus for separation of a 
vapor or liquid mixture comprising a plurality of components using a plurality of distillation 
columns (a first column to an n th column) constructed in a cascade comprising introduction 
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conduits which connect the bottom of a k th column (1 ^ k S (n-1)) or an outlet of a reboiler 
provided in the vicinity of the bottom of the k th column to the top of a (k+l) th column, an inlet of 
a condenser provided in the vicinity of the top of the (k+l)* column, or the middle section of 
the (k+l) th column, and return conduits which connect the top of the (k+l) th column, or the inlet 
of the condenser provided in the vicinity of the top of the (k+l) th column to the bottom of the k th 
column or the middle section of the k th column via a blower. 

In addition, in the apparatus of the present invention, at least one of the distillation 
columns is a packed column in which structured packing (promoting-fluid-dispersion type 
structured packing or non-promoting-fluid-dispersion type structured packing) is used, or a 
wetted wall column. 

In addition, the apparatus of the present invention comprises an isotope scrambler, an 
extraction conduit which connects at least one section of said apparatus to an inlet of the isotope 
scrambler; and a return conduit which connects at least one section of said apparatus to an outlet 
of the isotope scrambler. 

In addition, the apparatus of the present invention comprises a hydrogenation device at a 
stage after the n th column. 

In addition, the apparatus of the present invention is provided with a hydrogenation 
device at a stage after the n th column, and another of the above-mentioned plurality of 
distillation columns (a first column to an n th column) constructed in a cascade, at the 
above-mentioned stage. 

The method of enrichment of oxygen isotopes of the present invention is one in an 
oxygen starting material containing heavy oxygen isotopes is enriched by means of a cascade 
process using a plurality of distillation columns (a first column to an n th column) comprising 
supplying at least a part of the vapor from the bottom of a k th (1 ^ k ^ (n-1)) column or an 
outlet of a reboiler provided in the vicinity of the bottom of the k th column to the top of a (k+l) th 
column, an inlet of a condenser provided in the vicinity of the top of the (k+l) th column, or a 
middle section of the (k+l) th column; returning at least a part of the liquid from the top of the 
(k+l) th column or an outlet of the condenser of the (k+l) th column to an inlet of a reboiler of the 



4 



k* column, the bottom of the k* column, or the middle section of the k th column; and thereby 
carrying out enrichment in at least one type of oxygen molecule of 16 O n O, 16 0 18 0, 17 0 17 0, 
17 0 ls O, and 18 0 18 0 which contain heavy oxygen isotopes. 

A method of enrichment of oxygen isotopes in which an oxygen starting material 
containing heavy oxygen isotopes is enriched by means of a cascade process using a plurality of 
distillation columns (a first column to an n th column) comprising supplying at least a part of the 
vapor from the bottom of a k th (l ^ k ^ (n- 1)) column or an outlet of a reboiler provided in the 
vicinity of the bottom of the k th column to the top of a (k+l) th column, an inlet of a condenser 
provided in the vicinity of the top of the (k+l) th column, or a middle section of the (k+l) th 
column, pressurizing at least a part of a vapor drawn off from the top of a (k+l) th column or a 
vapor from an inlet of the condenser of the (k+l) th column by means of a blower, and then 
returning a said vapor to the bottom of the k* column or the middle section of the k th column, 

16 17 16 18 

and thereby carrying out enrichment in at least one type of oxygen molecule of O O, O O, 
17 O l7 0, i7 O i8 0, and I8 0 18 0 which contain heavy oxygen isotopes. 

In addition, the method of the present invention is a method for enrichment in isotopes 
of oxygen comprising subjecting an oxygen isotope enriched material enriched by means of the 
above mentioned enrichment method to oxygen isotope scrambling to obtain an enriched 
product having an even higher concentration of at least one type of the above-mentioned 
oxygen molecules which contain heavy oxygen isotopes. 

In addition, the method of the present invention is a method for enrichment in isotopes 
of oxygen comprising subjecting an oxygen isotope enriched material enriched by means of the 
above-mentioned method of enrichment to oxygen isotope scrambling, to obtain an enriched 
material having a higher concentration of at least one type of said oxygen molecules which 
contain heavy oxygen isotopes; and obtaining an enriched product having an even higher 
concentration of at least one type of the above-mentioned oxygen molecules which contain 
heavy oxygen isotopes by means of conducting the above-mentioned method of enrichment 
again on said enriched material. 

In addition, the method of producing heavy oxygen water of the present invention 
comprises obtaining an enriched material which has been enriched in at least one component 
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from oxygen molecules which contain heavy oxygen isotopes by means of cryogenic 
distillation of an oxygen starting material which contains heavy oxygen isotopes using the 
above-mentioned apparatus; obtaining water containing heavy oxygen water corresponding to 
said enriched material by adding hydrogen to said enriched material. Thereafter, this heavy 
oxygen water is further enriched using the above-mentioned apparatus. 

In addition, the method of the present invention is a method of producing heavy oxygen 
water in which a water starting material containing heavy oxygen water is enriched by means of 
a cascade process using a plurality of distillation columns comprising supplying at least a part 
of the water vapor from the bottom of a k th (1 ^ k ^ (n-1)) column or an outlet of a reboiler 
provided in the vicinity of the bottom of the k th column to the top of a (k+l) th column, an inlet of 
a condenser provided in the vicinity of the top of the (k+l) th column, or a middle section of the 
(k+l) th column, introducing at least a part of the water from the top of the (k+l) th column or an 
outlet of the condenser of the (k+l) th column into an inlet of a reboiler of the k th column, the 
bottom of the k th column, or the middle section of the k th column, and thereby carrying out 
enrichment in at least one type of heavy oxygen water of H 2 17 0, H 2 ls O, D 2 n O, D 2 l8 0, DH n O 
and DH ls O which contain heavy oxygen isotopes. 

In the present invention, since an introduction conduit which connects the bottom of the 
k th column (1 ^ k ^ (n-1)) or an outlet of a reboiler provided in the vicinity of the k th column to 
the top of the (k+l) th column, an inlet of a condenser provided in the vicinity of the top of the 
(k+l) th column, or the middle section of the (k+1)* column, and a return conduit which 
connects the outlet of the condenser of the (k+l) th column to the inlet of a reboiler provided in 
the vicinity of the bottom of the k* column, the bottom of the k th column, or the middle section 
of the k th column are provided, it is possible to return a part of the liquid drawn off from the 
condenser of the (k+1) th column via this return conduit. 

For this reason, it is possible to set the pressure in each column lower than in 
conventional apparatuses, to increase the relative vapor pressure between each of the isotopes 
within each column, and thereby it is possible to improve distillation efficiency. 
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Consequently, it is possible to reduce the height of the packing within each column, and 
it is possible to shorten the start-up time. In addition, it is possible to obtain a product having a 
higher concentration of heavy oxygen isotopes. 

In addition, the liquid hold-up volume is reduced, and this make it possible for the 
start-up time of the device to be reduced even further. 

Brief Description of the Drawings 

Figure 1 is a schematic structural diagram showing an example of a first embodiment of 
the apparatus of the present invention. 

Figure 2 is a perspective view showing an example of non-promoting-fluid-dispersion 
type structured packing which can be used in the apparatus of the present invention. 

Figure 3 is a perspective view showing another example of 
non-promoting-fluid-dispersion type structured packing which can be used in the apparatus of 
the present invention 

Figure 4 is a perspective view showing an example of promoting-fluid-dispersion type 
structured packing which can be used in the present invention. 

Figure 5 is a perspective view showing another example of promoting-fluid-dispersion 
type structured packing which can be used in the present invention. 

Figure 6 is a perspective view showing yet another example of 
promoting-fluid-dispersion type structured packing which can be used in the present invention. 

Figure 7 is a schematic structural drawing showing a second embodiment of the 
apparatus of the present invention. 

Figure 8 is a schematic structural drawing showing a third embodiment of the apparatus 
of the present invention. 

Figure 9 is a schematic structural diagram showing a modified example of the apparatus 
shown in Figure 8. 

Figure 10 is a schematic structural diagram showing another embodiment of the 
apparatus of the present invention. 
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Figure 1 1 is a schematic structural diagram showing the circulation system for a 
medium for heat exchange which is used in the apparatus shown in Figure 10. 

Figure 12 is a schematic structural diagram showing yet another example of the 
apparatus of the present invention. 

Figure 13 is a schematic structural diagram showing a hydrogenation device of the 
apparatus shown in Figure 12. 

Figure 14 is a schematic structural diagram showing yet another embodiment of the 
apparatus of the present invention. 

Figure 15 is a schematic structural diagram showing an example of an isotope scrambler 
which is used in the apparatus shown in Figure 14. 

Figure 16 is a graph showing the results of a simulation of the enrichment of heavy 
oxygen isotopes for a case in which the apparatus shown in Figure 14 is used as an example, and 
shows the concentration distribution for each isotope within each column. In this graph, the 
horizontal axis shows the total packing height, and the vertical axis shows the concentration of 
each isotope. 

Figure 17 is a graph showing the results of a simulation of the enrichment of heavy 
oxygen isotope for a case in which an apparatus is used which employs the same structure as the 
apparatus shown in Figure 1 with the exception that the number of distillation columns is 16, as 
an example. This graph shows the concentration distribution for each isotope with each 
column. In this graph, the horizontal axis shows the total packing height, and the vertical axis 
shows the concentration distribution for each isotope. 

Figure 18 is a schematic structural diagram showing an example of a conventional 
apparatus. 

Figure 19 is a schematic structural diagram showing another example of a conventional 
apparatus. 

Description of the Embodiments 
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V 



Figure 1 shows a first embodiment of the apparatus of the present invention. The 
apparatus shown here is equipped with three distillation columns, a first column 1, a second 
column 2, and a third column 3, constructed in a cascaded. 

Here, constructed in a cascade means that the distillation columns are connected in such 
a way that the enriched product of one column can be further enriched in the next distillation 
column, and then can be further enriched again in the next distillation column, and all the 
distillation columns together constructed in this way are referred to a cascade process. 

In addition, in the figure, path indicated by the broken line is a modification of the 
present embodiment, and is not included in the apparatus of the present embodiment. 

A first condenser 5, a second condenser 7, and a third condenser 9 which cool and 
liquefy at least a part of the vapor drawn off from the tops of the first column 1, the second 
column 2, and the third column 3 respectively are provided in the vicinity of the tops of these 
first to third columns 1 , 2, and 3 . 

Condensers 5, 7 and 9 have first conduits 5a, 7a, and 9a, respectively, into which vapor 
drawn off from the tops of column 1, 2, and 3, respectively, is introduced, and second conduits 
5b, 7b, and 9b through which a medium for heat exchange flows, and are arranged in such a way 
that the above-mentioned drawn-off vapor can be cooled and liquefied by means of heat 
exchange with the medium for heat exchange. 

As condensers 5, 7, and 9, it is preferable to use a plate fin type condenser. 

In the example shown in the Figures, condensers 5, 7, and 9 are provided outside of the 
columns 1, 2, and 3, however, they may also be provided within the tops of the columns 1, 2, 
and 3. 

A first reboiler 6, a second reboiler 8, and a third reboiler 10 which heat and vaporize at 
least a part of the liquid drawn off from the bottom of the columns 1, 2, and 3, respectively, are 
provided in the vicinity of the bottoms of the columns 1, 2, and 3. 

Reboilers 6, 8, and 10 have first conduits 6a, 8a, and 10a, respectively, into which liquid 
drawn off from the columns 1, 2, and 3 is introduced, and second conduits 6b, 8b, and 10b 
through which a medium for heat exchange flows, and are arranged in such a way that the 
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above-mentioned drawn-off liquid can be heated and vaporized by means of heat exchange 
with the medium for heat exchange. 

As reboilers 6, 8, and 10, it is preferable to use a plate fin type reboilers. In addition, the 
position of installation of these reboilers is such that the amount of liquid which accumulates at 
the bottom of each column is reduced to a minimum range within which operation is possible in 
order to reduce the liquid hold up. 

In the example shown in the Figures, the reboilers 6, 8, and 10 are provided outside of 
columns 1, 2, and 3, however, they may also be provided within the bottoms of columns 1, 2, 
and 3. In that situation, a coil type reboiler is also suitable. 

In the distillation column of the present invention, the outlet (the outlet of first conduit 
6a) of reboiler 6 of the first column which is provided in the vicinity of the bottom of the first 
column 1, and the inlet of the condenser 7 of the second column which is provided in the 
vicinity of the top of the second column are connected by a first introduction conduit 12 via a 
valve 12v, 

In the same way, the outlet (outlet of first conduit 8a) of the reboiler 8 of the second 
column, and the inlet (the inlet of the first conduit 9a) of the condenser 9 of the third column are 
connected by second introduction conduit 13 via valve 13 v. 

In addition, the outlet (the outlet of first conduit 7a) of the condenser 7 of the second 
column and the inlet (the inlet of the first conduit 6a) of the reboiler 6 of the second column are 
connected by means of the second return conduit 14 via valve 14v. 

In addition, the outlet (the outlet of first conduit 9a) of the condenser 9 of the third 
column and the inlet (the inlet of the first conduit 8a) of the reboiler 8 of the second column are 
connected by means of the second return conduit 15 via valve 15 v. 

The position of installation of valve 14v and valve 15v is in the upper part (close to the 
condenser) of return conduits 14 and 15, at a position where it is possible to obtain a head 
pressure with which the pressure difference between the k th columns and the (k+l) th columns in 
a cascade series of a plurality of columns mentioned below is a pressure difference between 
each column such that this cascade system functions. 
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The insides of the first to third columns 1, 2, and 3 are packed with structured packing 

11. 

As this structured packing 11, non-promoting-fluid-dispersion type structured packing 
and/or promoting-fluid-dispersion type structured packing can be suitable used. 

Non-promoting-fluid-dispersion type structured packing has a shape and structure with 
which the liquid descending within the distillation column and the vapor ascending within the 
distillation column flow in opposition to one another along the surface of the packing, and 
vapor-liquid contact occurs without the promotion of mixing of the liquid and vapor in the 
horizontal cross-section direction with respect to the column axis. As examples, a packing 
material in which a large number of plates formed from aluminum, copper, alloy of aluminum 
and copper, stainless steel, various types of plastic, or the like are positioned parallel to the 
direction of the main flow (the direction of the column axis) can be mentioned. 

Here, the main flow indicates the descending liquid and the ascending vapor which 
occurs along the direction of the column axis within the distillation column, therefore, it 
indicates the flow in the direction of the column axis with respect to the flow of mass transfer 
which is produced at the liquid- vapor interface (in other words, the boundary layer) at the 
surface of the packing. 

Examples of typical non-promoting-fluid-dispersion type packing materials are shown 
in Figure 2 and Figure 3. 

The non-promoting-fluid-dispersion type structured packing 5 1 shown in Figure 2 has a 
honeycomb structure comprising plates parallel to the direction of the axis of the column. 

In addition, the non-promoting-fluid-dispersion type structured packing 52 shown in 
Figure 3 is a lattice structure comprising a plurality of mutually parallel plates 52a and a 
plurality plates 52b which are arranged at right angles with respect to the plates 52a, and this 
lattice structure is positioned along the direction of the column axis. 

Promoting-fluid-dispersion type structured packing has a shape and structure with 
which vapor-liquid contact occurs mainly on the surface of the above-mentioned structured 
packing between the liquid descending within the distillation column and the vapor ascending 
within the distillation column, at which time, the liquid and the vapor flow in opposition to one 
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another on the surface of the above-mentioned structured packing in the direction of the main 
flow which is along the direction of the column axis, and at the same time, mixing of the liquid 
and/or the vapor in a direction at right angles to the above-mentioned main flow direction is 
promoted and vapor-liquid contact occurs. These are called structured packing or regular 
packing in which thin plates of aluminum, copper, aluminum-copper alloy, stainless steel, 
various plastics, or the like are formed into a variety of regular forms, and then made into a 
laminated block. 

Examples of typical promoting-fluid-dispersion type packing materials are shown in 
Figure 4 to Figure 6. 

In the promoting-fluid-dispersion type structured packing 53 shown in Figure 4, a 
plurality of wave-shaped thin plates are disposed parallel to the column axis and made into the 
form of a block by layering the plates so that they come into contact with one another. The 
wave-shaped grooves in each of the thin plates are inclined with respect to the column axis, and 
neighboring wave-shaped thin plates are disposed so that the direction of their wave-shaped 
grooves intersect one another. In addition, a plurality of holes 53a are provided in the thin 
plates. When the thin plates are disposed perpendicular with respect to the horizontal plane, the 
holes are provided with an interval of spacing there between and form a plurality of rows along 
a direction which is at right angles to the column axis. 

Figure 5 shows an example of a structural unit of another promoting-fluid-dispersion 
type structured packing. In the promoting-fluid-dispersion type structured packing 54 shown 
here, a thin plate is molded pressed in a wave shape to form wave-shaped grooves. In addition, 
this example has the feature that extremely small wave-shaped grooves 54b are formed in the 
thin plates at a fixed angle with respect to the wave-shaped grooves. In addition, reference 54a 
indicates holes formed in the thin plate. 

The promoting-fluid-dispersion type structured packing 55 shown in Figure 6 has the 
feature of having a structure in which sections having extremely small grooves 55b formed at a 
fixed angle with respect to the wave-shaped grooves and smooth sections which do not have 
these extremely small grooves are provided alternately in the wave-shaped thin plate. In 
addition, the reference 55a indicates holes formed in the thin plates. 
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In the following, an example of a first embodiment of the method for enrichment of 
heavy oxygen isotopes of the present invention will be explained in detail using, as an example, 
a situation in which the apparatus shown in the above-mentioned Figure 1, being an example of 
a first embodiment of the apparatus of the present invention, is used. 

Firstly, an oxygen starting material is supplied to the inside of the first column 1 as first 
column feed 101 via a conduit 20 which serves as a feeding section connected to the first 
distillation column 1 at a position intermediate (intermediate position in the height direction). 

The use of oxygen with high purity is preferred as the above-mentioned oxygen vapor 
starting material. As the above-mentioned oxygen of high purity, it is possible to use oxygen 
with a purity of 99.999% or higher, from which impurities such as argon, hydrocarbons, 
krypton, xenon, and fluorine compounds (such as perfluorocarbons) have been removed in 
advance. In particular, the use of an oxygen starting material from which hydrocarbons have 
been removed is preferable from the point of view of safety. 

The oxygen starting material vapor supplied to the first column 1 is distilled by means 
of vapor-liquid contact with a reflux liquid (i.e., descending liquid) described below, when 
ascending within the first column 1 and passing through the packing 11. 

The oxygen molecules in the oxygen starting material vapor which contain heavy 
oxygen isotopes (i.e., 16 O n O, 16 0 18 0, i7 0 17 0, 17 0 ls O, and 18 0 18 0) are more likely to condense 
due to their high boiling points, and in the process of vapor-liquid contact, the concentration of 
heavy oxygen isotopes in the descending liquid increases, and the concentration of heavy 
oxygen isotopes in the ascending vapor decreases. 

The ascending vapor which reaches the top of the column and which has a reduced 
concentration of heavy isotopes is drawn off from the column 1 via conduit 21, and is divided 
into two parts. One part is introduced into the first conduit 5a of the first column condenser 5 
where it is exchanges heat with the medium for heat exchange flowing within the second 
conduit 5b, condenses, and is returned to the top of column 1 as reflux liquid. The other part is 
discharged out of the system as exhaust vapor 103 

The reflux liquid returned to the top of the first column 1 flows down as descending 
liquid over the structure packing 1 1 while making vapor-liquid contact with the oxygen starting 
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material vapor and the below-mentioned ascending vapor which are ascending within the 
column 1, and reaches the bottom of the column L 

In this process of vapor-liquid contact, the descending liquid becomes enriched in heavy 
oxygen isotopes (i.e. 16 O n O, l6 0 18 0, l7 0 17 0, 17 0 ls O, and 18 0 18 0), which have a greater 
tendency to liquefy. 

Liquid which reaches the bottom of the first column 1 (hereinafter, the liquid which 
accumulates at the bottom of each of the columns is referred to as the "column bottom liquid") 
is drawn off from the column 1 through conduit 23, and is combined with the below-mentioned 
first return liquid 107 in the above-mentioned first return conduit 14, and then introduced into 
the first conduit 6a of the first column reboiler 6, where it is vaporized by heat exchange with 
the medium for heat exchange flowing within the second conduit 6b, and then drawn off from 
the reboiler 6 via the above-mentioned first introduction conduit 12 as first column output 
vapor 102 which is an enriched material enriched in heavy oxygen isotopes. 

A part of the first column output vapor 102 drawn off from reboiler 6 is returned to the 
lower part of the first column 1 via conduit 24, and rises within the column 1 as ascending 
vapor. The other part passes along first introduction conduit 12 as second column feed vapor 
104, is combined with the below-mentioned second column top vapor 106, and introduced into 
the second column condenser 7. Here, it condenses, drawn off from the condenser 7 via the 
return conduit 14 and then divided into two parts. 

One part of this divided condensed liquid passes along return conduit 14, through valve 
14v, and is combined with the above-mentioned first column bottom liquid as return liquid 107, 
then it is introduced into the above-mentioned first column reboiler 6. 

The return of this return liquid 107 occurs due to the weight of the condensed liquid 
itself which was liquefied in the condenser 7, flows out, and descends within conduit 14. 

According to the method of the present embodiment, a part of the condensed liquid 
which has passed through the second column condenser 7 is returned to the first column 
reboiler 6 as first return liquid 107, and the return liquid under its own weight (head pressure) is 
introduced into the first column 1 by passing through the reboiler 6, therefore, the pressure 
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within the top of the second column 2 can be made to be lower than the pressure of the bottom 
of the first column 1 . 

Therefore, it is possible for the above-mentioned second column feed vapor 104 to be 
sent to the second column 2 via the conduits 12 and 25. 

The other part of the condensed liquid which was divided after being drawn off from the 
condenser 7 is supplied to the top of the second column 2 as second column reflux liquid 104 
through conduit 25, and flows down as descending liquid while making vapor-liquid contact 
with the ascending vapor within the second column 2 to reach the bottom of the second column 
2. 

In this process of vapor-liquid contact, the concentration of heavy isotopes within the 
ascending vapor decreases, while the descending liquid becomes further enriched in heavy 
oxygen isotopes. 

The ascending vapor which reaches the top of the column and which has a reduced 
concentration of heavy isotopes is drawn off from column 2 via the conduit 28, and is combined 
as top vapor 106 with the second column feed vapor 104 in the above-mentioned introduction 
conduit 12. 

The column bottom liquid of the second column 2 which is an enriched material 
enriched in heavy oxygen isotopes is drawn off from the second column via conduit 26, is 
combined with the below-mentioned second return liquid 1 12 in the above-mentioned second 
return conduit 15, and introduced into the second column reboiler 8. Here, after being 
vaporized, it is drawn off from the reboiler 8 via the above-mentioned second introduction 
conduit 13 as second column output vapor 105 which is enriched material enriched in heavy 
oxygen isotopes. 

A part of the second column output vapor 105 drawn off from reboiler 8 is returned to 
the lower part of the column 2 via the conduit 27, and becomes ascending vapor which ascends 
within the second column 2. The other part passes along introduction conduit 13 as third 
column feed vapor 108, is combined with the below-mentioned third column top vapor 111, 
and is introduced into the third column condenser 9. Here, it condenses, is drawn off from the 
condenser 9 through second return conduit 15, and is then divided into two parts. 
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One part of this divided condensed liquid passes along second return conduit 15, 
through valve 15v, and is introduced into the above-mentioned second column reboiler 8 as 
second return liquid 112. 

The return of this return liquid 1 12 occurs due to the weight of the condensed liquid 
itself which was liquefied in the condenser 9, drawn off, and descends within the conduit 15, 

According to the method of the present embodiment, a part of the condensed liquid 
which has passed through the third column condenser 9 is returned to the second column 
reboiler 8 as second return liquid 1 12, and this return liquid under its own weight (head 
pressure) is introduced into the second column 2 by passing through the reboiler 8, therefore, 
the pressure within the top of the third column 3 can be made to be lower than the pressure of 
the bottom of the second column 2, 

Therefore, it is possible for the above-mentioned third column feed vapor 108 to be sent 
to the third column 3 via the conduits 1 3 and 29. 

The other part of the condensed liquid which was divided after being drawn off from the 
condenser 9 is supplied to the top of the third column 3 as third column reflux liquid 108 
through conduit 29, and flows down as descending liquid while making vapor-liquid contact 
with the ascending vapor within the third column 3 to reach the bottom of the third column 3. 

In this process of vapor-liquid contact, the concentration of heavy isotopes within the 
ascending vapor decreases, while the descending liquid becomes further enriched in heavy 
oxygen isotopes. 

The ascending vapor which reaches the top of the column and which has a reduced 
concentration of heavy isotopes is drawn off from column 3 via the conduit 33, and is combined 
as top vapor 1 1 1 with the third column feed vapor 108 in the above-mentioned introduction 
conduit 13. 

The column bottom liquid of the third column 3 which is an enriched material enriched 
in heavy oxygen isotopes is drawn off from the column 3 via conduit 30, and introduced into the 
third column reboiler 10. Here, after being vaporized, it is drawn off from the reboiler 10 as 
third column output vapor 109 which is enriched material enriched in heavy oxygen isotopes. 
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This third column output vapor 109 from the reboiler 10 is divided into two parts. One 
part is returned to the lower part of the column 3 via the conduit 3 1 , and becomes ascending 
vapor which ascends within the third column 3. The other part passes along conduit 32 and is 
collected as product vapor 110 which is an enriched product enriched in heavy oxygen isotopes. 

In the following, the settings for the feed vapors 104 and 108 for the first and second 
columns are explained. 

The flow rate of the second column feed vapor 104 is set to obtain a sufficient amount 
for the flow rate of the desired component accompanying the second column feed vapor 104 
with respect to the flow rate of the desired component accompanying the product (for this 
embodiment, this is only the product vapor 110) collected to the outside of the apparatus from 
the second column or the third column. 

In more detail, if [the flow rate of the desired component accompanying the product 110 
collected to the outside of the apparatus from the second column or third column] divided by 
[the flow rate of the desired component accompany the second column feed vapor 104] is equal 
to [the yield of the desired component], it is preferable for the setting to be such that the yield of 
this desired component to be 1% to 10% or less. 

If the amount of the second column feed vapor 1 04 is made to be too small (if an attempt 
is made to make the yield of the desired components greater), the distillation efficiencies of the 
second column and the third column are reduced. In contrast, if the amount of the second 
column feed vapor 104 is made to be too great, the distillation efficiency does not improve very 
much with respect to the increase in the amount of heat exchange in the first column reboiler 6 
and the second column condenser 7. 

In addition, the flow rate of the third column feed vapor 108 is set to obtain a sufficient 
amount for the flow rate of the desired component accompanying the third column feed vapor 
108 with respect to the flow rate of the desired component accompanying the product (for this 
embodiment, this is only the product vapor 1 1 0) recovered to the outside of the apparatus from 
the third column. 

In more detail, if [the flow rate of the desired component accompanying the product 110 
collected to the outside of the apparatus from the third column] divided by [the flow rate of the 
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desired component accompany the third column feed vapor 108] is equal to [a yield of the 
desired component], it is preferable for setting to be such that the yield of the desired 
component to be 1% to 10% or less. 

If the amount of the third column feed vapor 1 08 is made to be too small (if an attempt is 
made to make the yield of the desired components greater), the distillation efficiencies of the 
third column are reduced. In addition, if the amount of the third column feed vapor 1 08 is made 
to be too great, the distillation efficiency does not improve very much with respect to the 
increase in the amount of heat exchange in the second column reboiler 8 and the third column 
condenser 9. 

In the following, the operation control method of each of the above-described columns 
will be explained. 

When considering a given column, there are the following four controllable sections. 

1 . The valve in the piping which supplies vapor from the k th column to 
the (k+ l) th column. 

2. The valve in the piping which supplies liquid from the (k + l) th column to 
the k th column. 

3. The amount of heat exchange in the reboiler (the pressure and flow rate of 
the warm medium) 

4. The amount of heat exchange in the condenser (the pressure and flow rate of 
the cold medium) 

It is difficult to adjust all four simultaneously, therefore, basically, in each column, 1 
and 3 are fixed and 2 and 4 are adjusted while watching the condition of the apparatus. 

Firstly, the adjustment of 3, the amount of heat exchange in the reboiler (the pressure 
and flow rate of the warm medium), is carried out in the following way. 

It is maintaining the amount of heat exchange in the reboiler after it has been set in 
advance so that the vapor load of each column is at a suitable value (planned value). It is 
preferable for the setting to be such that the density correlated superficial velocity (hereinafter 
referred to as the superficial F factor) is 0.5 m/s(kg/m 3 ) 0 5 or greater and 3.0 m/s(kg/m 3 ) 0 5 or 
less, preferably 0.7 m/s(kg/m 3 ) 0 5 or greater and 2.2 m/s(kg/m 3 ) 0 5 or less. 
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Next, the valves 12v and 13v which are in the piping (conduits 12 and 13) which supply 
vapor from the k th column to the (k+l) th column are adjusted. When the pressure at the tops of 
each of the columns is approximately equal, the pressure at the bottom of the k th column is 
greater than the pressure at the top of the (k+l) th column by amount of the pressure loss in the 
k th column. Consequently, in addition to the provision of a valve in way along of the piping, the 
flow rate of the vapor supplied from the k th column to the (k+l) th column is measured, and 
controlled to predetermined flow rate. This flow rate is not a strict one and once a precise and 
suitable flow rate is established, the degree of opening of the valve is not adjusted. The 
pressure of each column is constant, this flow rate rarely fluctuates. 

Next, (4) the amount of heat exchange in the condenser (the pressure and flow rate of 
the cold medium) is set. This is set such that the pressure within each of the distillation 
columns are constant. Since (3) the amount of heat exchange in the reboilers is fixed, if the (4) 
amount of heat exchange in the condenser is small, the pressure in the distillation columns 
continues to increase. 

In addition, on the other hand, if the (4) amount of heat exchange in the condensers is 
large, the pressure in the distillation columns continues to decrease. Even if adjustment is made 
and an optimal value is achieved at one point in time, the heat entering the apparatus varies due 
to the weather, and the pressure fluctuates. 

Consequently, it is necessary to control (4) the amount of heat exchange in the 
condenser while always measuring the pressure in each of the columns. 

Next, (2) the valves 14v and 15v of the piping (conduits 14 and 15) which returns the 
liquid to the k th column from the (k+l) th column is adjusted. 

The control values 14v and 15v are installed at a position relatively close to the 
condenser at the top of the column within a range at which it is possible to obtain a prescribed 
liquid head. This is in order to reduce the liquid hold-up within the piping. 

The degree of opening of these valves is adjusted while measuring the liquid level at the 
bottom of each columns. 

When the degree of opening is too small, and the amount returned to the k th column 
from the (k+l) th column becomes small, since the valves 12v and 13v in the vapor piping are 
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fixed, the hold-up of the process liquid of the (k+l) th column to the n th column increases 
rapidly. The pressure of each column is maintained at a constant level by means of (4) the 
condensers 5, 7, and 9. Therefore, the increase in the hold-up the liquid level at the bottom of 
the distillation columns increases. 

On the other hand, when the return to the k th column from the (k+l) th column is large, 
the liquid level at the bottom of the distillation column decreases. 

Consequently, (2) the valve of the liquid piping must be controlled in such a way that 
the height of the level of the liquid in the bottom of each distillation column is constant. 

In addition, the valves 14v and 15v are installed at a position relatively close to the 
condensers of the tops of the columns within a range at which it is possible to obtain a 
prescribed liquid head. However, from the point of view of ease and certainty of control 
providing them at a position near to the reboilers is good. 

In the apparatus of the present embodiment, since the outlet of the first column reboiler 
6 and the inlet of the second column condenser 7 are connected by the first introduction conduit 
12 and the outlet of the second column reboiler 8 and the inlet of the third column condenser 9 
are connected by the second introduction conduit 13, and since the outlet of the second column 
condenser 7 and the inlet of the first column reboiler 6 are connected by first return conduit 14; 
the outlet of the third column condenser 9 and the inlet of the second reboiler 8 are connected by 
the second return conduit 1 5, it is possible to return a part of the condensed liquid which has 
passed through the condensers 7 and 9 as return liquid 107 and 1 12 to the reboilers 6 and 8. 

For this reason, it is possible to set the pressure within columns 2 and 3 lower than in the 
past, and it is possible to increase the relative vapor pressure between each the isotopes within 
each column and thereby to improve the efficiency of the distillation. As a result, it is possible 
to reduce the packing height of each column, it is possible to reduce the amount of liquid 
hold-up, and thereby it is possible to shorten the start-up time. 

In addition, for the above-mentioned reasons, it is possible to obtain with good 
efficiency a product containing a high concentration of heavy oxygen isotopes. 

In addition, in conventional apparatuses (Figure 19), all of the supply conduits from an 
earlier stage column to a later stage column are filled with liquid. In contrast, in the apparatus 
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of the present embodiment, of the return conduits, only the portions corresponding to the liquid 
head portions which correspond to the difference in pressure of these columns are full of liquid. 
In other words, of the return conduits from a later stage column to an earlier stage column, only 
the portions of conduits corresponding to liquid head portions which correspond to the pressure 
difference of those columns for which the return of the return liquid 107 and 1 12 liquefied in 
the condensers 7 and 9 to the previous stage column is necessary are filled with liquid. 

For this reason, the amount of liquid hold-up is reduced, and it is possible for the 
start-up time for the apparatus to be shortened even more. 

In particular, when the diameter of the distillation columns is small, the diameter of the 
piping of the return conduits is relative large, therefore, the difference between the liquid 
hold-up of the apparatus of the present invention and that of a conventional apparatus is 
considered to be large. In addition, from the point of view of the start-up time, the superiority of 
the apparatus of the present invention is considered to be even more obvious. 

In addition, by means of the use of structured packing (promoting-fluid-dispersion type 
structured packing or non-promoting-fluid-dispersion type structured packing) in columns 1 9 2, 
and 3, it is possible to reduce pressure loss within the columns, and it is possible for the pressure 
within the columns to be set low. For this reason, it is possible to increase the relative vapor 
pressure between the various components, to increase distillation efficiency, and in addition, to 
reduce the amount of liquid hold-up, and to further shorten the start-up time. In addition, 
accompanying this, it is possible to reduce operation costs. 

In addition, by means of using promoting-fluid-dispersion type structured packing, it is 
possible to increase the efficiency of vapor-liquid contact within the columns, and to increase 
the efficiency of the enrichment in heavy isotopes. 

In the distillation column of the above-described embodiment, the outlet of the second 
column condenser 7 and the inlet of the first column reboiler 6 are connected by the first return 
conduit 14 and the outlet of the third column condenser 9 and the inlet of the second column 
reboiler 8 are connected by the return conduit 15. However, the apparatus of the present 
invention is not limited to this, the first conduit can be used to connect the outlet of the second 
condenser 7 and the middle section of the first column 1 as shown by reference 14a (the conduit 
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indicated by the broken line), and the second return conduit can be used to connect the outlet of 
the third column condenser 9 and the middle section of the second column 2 as shown by 
reference 15a (the conduit indicated by the broken line). 

In addition, the columns 1 , 2 and 3 are not limited to packed columns in which the 
above-mentioned packing is used, and it is also possible to use wetted wall columns. 

Figure 7 shows a second embodiment of the apparatus of the present invention. The 
apparatus shown here is different to the apparatus shown in Figure 1 on the following points. 

(1) The outlet of the first column reboiler 6 and the top of the second column 2 are 
directly connected by means of the first introduction conduit 35, such that it is possible for the 
second column feed vapor 104' which has passed through the first column reboiler 6 to be 
supplied directly to the top of the second column 2. 

(2) The outlet of the second column reboiler 8 and the top of the third column 3 are 
directly connected by means of the second introduction conduit 36, such that it is possible for 
the third column feed vapor 108' which has passed through the second column reboiler 8 to be 
supplied directly to the top of the third column 3. 

(3) The outlet of the second column condenser 7 and the bottom of the first column 1 are 
directly connected by means of the first return conduit 37, such that it is possible for the return 
liquid 1 07' from the second column condenser 7 to be returned to the bottom of the first column 
1. 

(4) The outlet of the third column condenser 9 and the bottom of the second column 2 
are directly connected by means of the second return conduit 38, such that it is possible for the 
return liquid 112' from third column condenser 9 to be returned to the bottom of the second 
column 2. 

The conduit indicated by the broken line in the figure is a modification of the apparatus 
of the present embodiment. 

In the following, an example of a second embodiment of the method for enrichment of 
heavy oxygen isotopes of the present invention will be explained in detail using, as an example, 
a situation in which the apparatus shown in Figure 7 is used. 
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An oxygen vapor starting material supplied to the inside of the first column 1 as first 
column feed 101 via a conduit 20 is distilled by means of vapor-liquid contact within the first 
column 1 . 

The column bottom liquid which has been enriched in heavy oxygen isotopes within the 
first distillation column 1 is introduced into the first column reboiler 6 through the conduit 23', 
is vaporized, and is drawn off from the first column reboiler 6 as the first column output vapor 
102'. 

A part of the output vapor 1 02' is returned to the lower part of the first column 1 via 
conduit 39, and the other part is introduced directly into the top of the second column 2 through 
first introduction conduit 35 as second column feed vapor 104'. 

In the second column 2, the ascending vapor which reaches the top of the column and 
which has a reduced concentration of heavy oxygen isotopes is drawn off from the second 
column 2 through the conduit 28' as column top vapor 106. It is condensed in the second 
column condenser 7, and then divided. One part is returned as reflux liquid to the upper part of 
the second column 2 through the conduit 25\ The other part is returned to the bottom of the first 
column 1 as first return liquid 107' through the first return conduit 37. 

The column bottom liquid which has been enriched in heavy oxygen isotopes within the 
second column 2 is introduced into the second column reboiler 8 through conduit 26', where it 
is vaporized, and then drawn off from the reboiler 8 as second column output vapor 105'. 

A part of the output vapor 105' is returned to the lower part of the second column 2 
through conduit 40. The other part is directly introduced into the top of the third column 3 
through the second introduction conduit 36 as the third column feed 108'. 

In the third column 3, the ascending vapor which reaches the top of the column and 
which has a reduced concentration of heavy oxygen isotopes is drawn off from the third column 
3 through the conduit 33 1 as column top vapor 111. It is condensed in the third column 
condenser 9, and then divided. One part is introduced as reflux liquid to the upper part of the 
third column 3 through the conduit 29'. The other part is returned to the bottom of the second 
column 2 as second return liquid 112' through the second return conduit 38. 
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In the apparatus of the present embodiment, it is possible to return a part of the 
condensed liquid which has passed through the condensers 7 and 9 to the previous stage column 
by means of the weight (head pressure) of the condensed liquid itself For this reason, the 
amount of liquid can be less compared with conventional methods which use liquid pumps, 
and, as with the apparatus of the above-described first embodiment, it is possible to shorten the 
start-up time. In addition, as a result of a shorter total column length due to the adoption of a 
form in which the bottoms of the columns and the tops of the columns are connected, it is 
possible to obtain a product containing a high concentration of heavy oxygen isotopes with 
good efficiency. 

In the apparatus of the above-described embodiment, the outlet of the first column 
reboiler 6 and the top of the second column 2 are connected by means of the first introduction 
conduit 35, and the outlet of the second column reboiler 8 and the top of the third column 3 are 
connected by means of the second introduction conduit 36, in addition, the outlet of the second 
column condenser 7 and the bottom of the first column 1 are connected by means of the return 
conduit 37, and the outlet of the third column condenser 9 and the bottom of the second column 
2 are connected by means of the second return conduit 38. However, the apparatus of the 
present invention is not limited to this. 

For example, it is possible for the first and second introduction conduits to be connected 
to the middle sections of columns 2 and 3 rather than to the tops of columns 2 and 3 as shown by 
references 35a and 36a (the conduits indicated by the broken lines). In addition, it is also 
possible for the first and second return conduits to be connected to the middle sections of the 
first and second columns rather than to the bottoms of the first and second columns as shown by 
references 37a and 38a. 

Figure 8 shows a third embodiment of the apparatus of the present invention. The 
apparatus shown here differs from the apparatus shown in Figure 7 on the following points. 

(1) The conduit 28' which carries the column top vapor 106 of the second column 2 to 
the second column condenser 7 and the bottom of the first column 1 are connected by the first 
return conduit 37' such that a part of the top vapor 106 of the second column 2 can be returned 
to the bottom of the first column 1 . 
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(2) The conduit 33 f which carries the top vapor 1 1 1 of the third column 3 to the third 
column condenser 9 and the bottom of the second column 2 are connected by the second return 
conduit 38' such that a part of the top vapor 1 1 1 of the third column 3 can be returned to the 
bottom of the second column 2. 

(3) Blowers 41 and 42 are respectively provided in the first and second return conduits 
37 and 38'. 

As blowers 41 and 42, normal temperature compressors or low temperature 
compressors can be used. However, when a normal temperature compressor is used, as shown 
in Figure 9, it is necessary to have heat exchanges 41a and 42a in the return conduits 37' and 38'. 

In the following, a third embodiment of the method for enrichment in heavy oxygen 
isotopes of the present invention will be explained for a situation in which the apparatus shown 
in Figure 8 is used as an example. 

In the second column 2, ascending vapor which reaches the top of the column and in 
which the concentration of heavy oxygen isotopes is reduced is drawn off from second column 
2 through conduit 28' as top vapor 106, and divided. 

One part of the top vapor 106 which has been divided is condensed in the second 
column condenser 7, and is then returned to the top of the second column 2 where it becomes 
reflux liquid for that column. The other part passes through the first return conduit 37' and 
reaches the blower 41 where it is pressurized, and then returned to the bottom of the first 
column 1 as first return liquid 107". 

In the same way, the column top vapor 111 drawn of from the top of the third column 3 
is divided after being drawn off from the third column 3. One part is condensed in the third 
column condenser 9, and then return to the top of the third column to become reflux liquid for 
that column. The other part passes along the second return conduit 3 and reaches the blower 42 
where it is pressurized and then returned to the bottom of the second column 2 as second return 
liquid 112 n . 

In the apparatus of the present embodiment, since supply for each conduit is in vapor 
form, and not a liquid form, it is possible to shorten the start-up time in the same way as for the 
apparatus of the above-mentioned first embodiment. In addition, since the bottom of the 
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columns are connected to the tops of the columns and the tops of the columns are connected to 
the bottoms of the column respectively, it is possible to obtain a product which has a high 
concentration of heavy oxygen isotopes. 

In the apparatus of the present embodiment, the outlet of the first column reboiler 6 and 
the top of the second column 2 are connected by means of the first introduction conduit 35, and 
the outlet of the second column reboiler 8 and the top of the third column 3 are connected by 
means of the second introduction conduit 36, and in addition, the inlet of the second column 
condenser 7 and the bottom of the first column 1 are connected by means of the first return 
conduit 37' and the inlet of the third column condenser 9 and the bottom of the second column 2 
are connected by means of the second return conduit 38'. However, the present embodiment is 
not limited to this. 

For example, it is possible for the first and second introduction conduits to be connected 
to the middle sections of the second and third columns 2 and 3 as shown by references 35a and 
36a (the conduits indicated by the broken lines), and for the first and second return conduits to 
be connected to the middle sections of the first and second columns rather than to the bottoms 
of the first and second columns as shown by the references 37a f and 38a'. 

In the above-described embodiment, an apparatus having three distillation columns is 
shown, however, in the apparatus of the present invention, the number of distillation columns is 
not limited to this. 

In the apparatus shown in Figure 10, the number of distillation columns is n. 

The apparatus shown here comprises n number of distillation columns A\ to A n ; 
condensers Bj to B n which are provided in the vicinity of the top of these distillation columns 
Ai to A n ; reboilers Ci to C n which are provided in the vicinity of the bottoms of the columns Ai 
to A n ; introduction conduits Di to D n _i which connect the outlets of the k th column reboilers Ck 
provided in the vicinity of the bottoms of the k th columns (1 ^ k ^ (n-1)) to the tops of the 
(k+l) th columns; and return conduits Ei to E n _i which connect the outlets of the (k+l) th column 
condensers B^+i of the (k+l) th columns to the bottoms of the k th columns. 

The number n of the distillation columns can be, for example, from 2 to 100. 
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In addition, the circulation system for the medium for heat exchange for the reboilers 
and condensers of the apparatus shown in the above-mentioned Figure 1 0 is shown in Figure 
11. 

As shown in Figure 11, each of the condensers Bi to B n , and reboilers Ci to C n are 
connected by means of the circulation conduit 81 for the medium for heat exchange. 

This circulation conduit 8 1 is such that the medium for heat exchange within the storage 
tank 82 is drawn off, passes through the pump 83 and the first passage of the super cooler 84, 
and is introduced into the condensers Bj to B n . Then, it passes through the second passage of the 
super cooler 84 and reaches the first conduit of the heat exchanger 85. Next, it passes through 
the blower 86 and the second passage of the heat exchanger 85, is introduced into the reboilers 
Ci to C n , and then returned to the storage tank 82. In addition, the super cooler 84 is for the 
purpose of cooling the medium for heat exchange in order to prevent vaporization of the 
medium for heat exchange prior to it reaching the condensers. 

In the same way, in the present invention, the number of distillation columns is not 
limited to the number shown in the figures for the apparatus of the first embodiment shown in 
Figure 1, the apparatus of second embodiment shown in Figure 7, and the apparatus of the third 
embodiment shown in Figure 8, and can be set optionally. 

In addition, the above-described embodiment shows a method for enrichment in the 
heavy isotopes of oxygen by means of cryogenic distillation of an oxygen starting material. 
However, the present invention is not limited to this. It is also possible to produce heavy 
oxygen water by carrying out distillation using water as the starting material and using the 
apparatus of the above-described embodiments to distill this water to enrich it in at least one 
type of heavy oxygen water of H 2 n O, H 2 18 0, D 2 lv O, D 2 18 0, DH n O and DH ls O which contain 
heavy oxygen isotopes. 

In this situation, in the same way as in the above-mentioned first embodiment, it is 
possible to shorten the start-up time. In addition, it is possible to obtain a heavy oxygen water 
product containing a high concentration of heavy oxygen isotopes. 

Figure 12 and Figure 13 show an apparatus which can be used for carrying out another 
embodiment of the method of producing heavy oxygen water of the present invention. The 
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apparatus shown here comprises an oxygen distillation column unit Ft for distillation of oxygen 
which comprises a plurality of distillation columns Ai to A n ; a water distillation column unit F 2 
for distillation of water which comprises a plurality of distillation columns A\ to A' n ; and a 
hydro genation reaction device 3 00 A provided between these units Fi and F 2 . 

The distillation column units Fi and F 2 may adopt the structure of the apparatus shown 
in Figure 10. 

The hydrogenation reaction device 3 00 A shown in Figure 13 comprises a buffer tank 
341 for temporarily storing the enriched material (oxygen vapor) which has passed through the 
oxygen distillation column unit Fi; a conduit 342 for introducing the oxygen vapor into the 
buffer tank 341; a conduit 343 for introducing hydrogen (or deuterium) supplied from a supply 
source not shown in the figure; a combustion chamber 344 for reacting the oxygen and 
hydrogen supplied from the conduits 342 and 343; and a combustor 300 having a controller 
345. 

The combustion chamber 344 comprises a burner 344a for mixing and combusting 
oxygen and hydrogen supplied into the combustion chamber 344; a heater 344b for igniting the 
oxygen-hydrogen mixed vapor; and a cooling coil 344c for cooling the reactant product (i.e., 
water vapor). Additionally, reference 344d indicates a discharge opening which is provided for 
expelling the reactant product (water) of the combustion chamber 344 via a valve. 

The controller 345 regulates a flow control valve 342b by means of signals based on the 
flow rate of oxygen vapor measured by an oxygen flow rate detector 342a provided in conduit 
342, and thereby the controller 345 is able to adjust the supply flow rate of oxygen vapor 
supplied into the combustion chamber 344 via the conduit 342. 

In addition, the controller 345 regulates a flow control valve 343b by means of signals 
based on the flow rate of hydrogen which is measured by a hydrogen flow rate detector 343 a 
provided in the conduit 343, and thereby the controller 345 is able to adjust the supply volume 
of hydrogen supplied into the combustion chamber 344 via the conduit 343. 

Further, references 342c and 343c indicate check valves; references 342d and 343d 
indicate back-fire prevention chambers; and reference 344e indicates a conduit for discharging 
the small amount of unreacted vapor remaining in the combustion chamber 344, via a valve. 
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In the following, an embodiment of the method of producing heavy oxygen water of the 
present invention will be explained for an example in which the above-described apparatus is 
used. 

The oxygen starting material is supplied to the oxygen distillation column unit Fi, and 
an intermediate vapor 1 1 0' is obtained which is an enriched material enriched in the heavy 
isotopes of oxygen. 

This intermediate vapor 1 10 f (oxygen vapor) is introduced into the combustor 300 of the 
hydrogenation reaction device 3 00 A via conduit 44 and control valve 44a, 

The oxygen vapor introduced into the combustor 300 passes through the buffer tank 
341, and is introduced into the combustion chamber 344 via the conduit 342 and through the 
burner 344a. 

Simultaneously, the hydrogen supplied from a supply source not shown in the figures is 
supplied to the combustion chamber 344 via the conduit 343 and through the burner 344a. 

At this point, the controller 345 performs a calculation based on signal based on a 
predetermined value and a feedback signal based on the flow rate of oxygen vapor measured by 
the oxygen flow rate detector 342a. The controller regulates the flow rate control valve 342b by 
means of a signal resulting from this calculation. In the same manner, controller 345 performs 
a calculation based on the signal based on a predetermined value and a feedback signal based on 
the flow rate of hydrogen measured by the hydrogen flow rate detector 343a. The controller 
regulates the flow rate control valve 343b by means of a signal resulting from this calculation. 
As a result, the aforementioned oxygen and hydrogen are supplied into the combustion chamber 
344 in volumes which approximate the stoichiometric volume for producing water. 

The oxygen and hydrogen supplied to the combustion chamber 344 are always regulated 
to a volume which closely approximates the aforementioned stoichiometric volume by means 
of the aforementioned feedback control. However, despite this, excess supplied vapor is 
regularly discharged via a valve from a discharge conduit 344e, and this prevents the vapor 
from accumulating in the combustion chamber 344. 

In order to further reduce the volume of the exhaust vapor, it is preferable to jointly 
employ an even more precise controlling means, such as a feed-forward controlling method. 
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The aforementioned oxygen and hydrogen supplied into the combustion chamber 344 
are mixed by means of the burner 344a, and subsequently, jetted into the combustion chamber 
344, ignited by means of the heater 344b, and reacted with each other to produce water. 

Most of the produced water is condensed by the cooling coil 344c, and subsequently 
expelled out of the combustion chamber 344 via the discharge opening 344d, and introduced 
into the water distillation column unit F 2 through conduit 45 as produced water 113. 

Since this produced water 1 13 is obtained using the intermediate product vapor 110' 
which is a enriched material in heavy oxygen isotopes it is heavy oxygen water which contains 
a large amount of heavy oxygen isotopes. 

The water distillation column unit F 2 has the same structure as the oxygen distillation 
column unit Fj, therefore, in the same way as the enrichment process for heavy oxygen isotopes 
which occurs in the unit Fi, the heavy components within the produced water 113, that is H 2 I7 0, 
H 2 18 0, D 2 I7 0, D 2 I8 0, DH n O and DH ls O, are enriched within the distillation unit F 2 and 
collected as the heavy oxygen water product 114. 

In the apparatus of the present invention, it is possible to shorten the start-up time in the 
same way as for the above-described first embodiment. In addition, it is possible to obtain a 
heavy oxygen water product which contains a high concentration of heavy oxygen isotopes. 
Figure 14 shows another embodiment of the apparatus of the present invention. The apparatus 
shown here comprises n number of distillation columns Ai to A n ; condensers Bi to B n which are 
provided in the vicinity of the top of these columns Ai to A n ; reboilers Ci to C n which are 
provided in the vicinity of the bottoms of the columns A\ to A n ; introduction conduits Di to D n _i 
which connect the outlets of the k th column reboilers C k provided in the vicinity of the bottoms 
of the k th columns (1 < k ^ (n-1)) to the tops of the (k+l) th columns; return conduits Ei to E n -i 
which connect the outlets of the (k+l) th column condensers B k +i of the (k+l) th columns to the 
bottoms of the k th columns; and isotope scrambler 47. 

The isotope scrambler 47 is for further enriching the heavy oxygen isotope enriched 
material enriched by means of the columns AI to A h by means of oxygen isotope scrambling. 
The inlet side of the isotope scrambler is connected to the bottom of the h th column A h via the 
extraction conduit 48, and the outlet side of the isotope scrambler is connected to the middle 
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section of the ith column Ai which is at a later stage and adjacent to hth column Ah via a return 
conduit 49. 

As the isotope scrambler 47, in addition to the use of an isotope exchange reaction 
catalyst, it is possible to temporarily form other compound from the oxygen molecules, and 
then subsequently break these compounds down to obtain oxygen molecules. 

When using the former of these, as the isotope scrambler 47, the column bottom vapor 
of column Ah which is an oxygen isotope enriched material is brought into contact with an 
isotope exchange reaction catalyst, to promote isotope exchange reactions discussed below 
within the enriched material, and thereby it is possible to further increase the concentration of 
molecules of heavy oxygen isotopes within the enriched material. 

In this situation, the isotope scrambler 47 is provided with a catalytic column (not 
shown in the figure), and an isotope exchange reaction catalyst which packed inside this 
catalytic column. 

As this isotope exchange reaction catalyst, catalysts containing at least one type selected 
from the group comprising W, Ta, Pd, Rh, Pt, and Au can be used, for example. 

In addition, as the isotope exchange reaction catalysts, in addition to those mentioned 
above, it is possible to use a catalyst including at least one type selected from the group 
comprising Ti-oxide, Zr-oxide, Cr-oxide, Mn-oxide, Fe-oxide, Co-oxide, Ni-oxide, Cu-oxide, 
Al-oxide, Si-oxide, Sn-oxide, and V-oxide. In it is possible to use one of either of the 
above-mentioned single catalysts or the above-mentioned metal oxide catalysts or to use a 
mixture of a plurality of them. 

As the isotope scrambler 47, when the later is being used, the column bottom vapor of 
column Ah which is a heavy oxygen isotope enriched material is temporarily converted to a 
different compound (for example, water), this is subsequently broken down to give molecular 
oxygen, and thereby the concentration of molecules of heavy oxygen isotope molecules within 
the enriched material is further increased. An example of the isotope scrambler used in this 
method is shown in Figure 15. 
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In Figure 15, the isotope scrambler 47 comprises an argon circulation blower 87, a 
catalytic column 88 packed with an oxidation reaction catalyst, an electric catalytic cracker 89, 
and an oxygen purifier 90. 

As the oxidation reaction catalyst which is packed in the catalytic column 88, a catalyst 
comprising at least one component selected from among the group comprising Pd, Pt, Rh, Ru, 
Ni, Cu, and Au can be used. In addition, it is possible to use one or more selected from the 
group comprising catalysts in which Pd, Pt, Rh, Ru, or the like, are carried by one of Al-oxide, 
Si-oxide, Ti oxide, Zr oxide, Cr oxide, V oxide, Co oxide or Mn oxide. 

The argon circulation blower 87 is provided in order to circulate the vapor within the 
argon circulation system having a catalytic column 88, a cooler 91, and a chiller 92. Since 
oxygen and hydrogen coexist within this circulation system, in consideration of the 
explosibility range, an argon supply conduit 98 for supplying argon for diluting the vapor 
within the circulation system is connected to the circulation system. 

In addition, this circulation system is provided with a hydrogen vapor supply conduit 97 
for the purpose of maintaining the concentration of hydrogen at the outlet of the chiller 92 at 
approximately 2%. 

Next, an embodiment of the method for enriching oxygen isotopes of the present 
invention will be explained for a situation in which the above-mentioned apparatus is used as an 
example. 

Feed 101 is supplied to first column Al through conduit 20, and, thereafter, it is 
enriched in heavy oxygen isotopes by following the above-described process until it reaches the 
column Ah, and thereby a column bottom liquid of column Ah which is an enriched material is 
obtained. 

Next, this column bottom liquid is introduced to the isotope scrambler 47 as 
introduction vapor 115 through the conduit 48. 

The oxygen vapor supplied to the suction side of the argon circulation blower 87 from 
the conduit 48 is mixed with argon and hydrogen, pressurized to approximately 80 to 100 kPa 
(gauge) by the blower 87, and then introduced into the catalytic column 88. In addition, at the 
discharge of the above-mentioned blower 87, small amounts of hydrogen (the part removed 
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from the reaction at the catalytic column 95 discussed below) are supplied from the conduit 97. 
In the catalytic column 88, the hydrogen and the oxygen are reacted to produce water (2H 2 + 0 2 
— > 2H 2 0), and the composition at the outlet of the catalytic column 88 is approximately 2% 
hydrogen, approximately 0.5% water vapor, and 97.5% argon. 

This vapor mixture is cooled by means of the cooler 91 and the chiller 92, and the water 
is separated into the storage tank 93. This water is sent to the electrolysis tank 94 (pressure 400 
kPa gauge) by means of a pump provided within the electrolysis apparatus 89, undergoes 
electrolysis, and is separated into hydrogen vapor containing a small amount of oxygen and 
oxygen vapor containing a small amount of hydrogen again. The former hydrogen vapor is 
recovered from the above-described argon circulation system. The small amounts of hydrogen 
and water in the latter oxygen vapor are removed by means of an oxygen purifier 90 which has 
a catalytic column 95 and an adsorber 96, and the oxygen vapor is drawn off through conduit 49 
and returned to the oxygen distillation column. 

In order to prevent loss of oxygen vapor which is enriched in heavy oxygen isotopes 
within the regenerated vapor of the adsorper 96, separate super high purity oxygen vapor (a 
vapor having the same specifications as the first column feed vapor of the distillation column) 
is used. 

In addition, the flow rate of the isotope scrambler return oxygen vapor 1 16 is extremely 
low compared with the amount of the ascending vapor within the distillation column to which 
the oxygen vapor is returned. Therefore, it has almost no influence on the distillation efficiency 
even if it is returned into the distillation column as it is at normal temperature. 

When the whole apparatus of the isotope scrambler 47 is considered, since there are 
only the conduit 49 for the purified isotope scrambler return vapor 1 1 6, and the outlet for the 
super high purity oxygen which is supplied separately for the purpose of regeneration in the 
adsorber 96, the other vapors circulate within the apparatus and there is almost no loss of vapor. 
Consequently, the amount of the hydrogen vapor and argon vapor which are supplied by the 
supply line for hydrogen vapor and argon vapor is extremely small. 

Within the catalytic column 88 of the isotope scrambler 47, oxygen and hydrogen are 
reacted due to the oxidation reaction catalyst and water is produced. For example, if A, B, C, 
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and D are, respectively, any one of the isotope atoms O, O, and O, the atoms which make 
up the oxygen molecules are separated into different molecules of water by means of reactions 
like the following: 

2H 2 + AB -> H 2 A + H 2 B; or 

2H 2 + CD -» H 2 C + H 2 D; or 

2H 2 + AA -> H 2 A + H 2 A 
The relative abundance of each of the heavy oxygen isotopes within the reaction product (the 
water molecules) obtained thereby is determined by the relative abundance of each of the 
isotopes within the output vapor 115. 

In addition, within the electrolysis apparatus 89 of the isotope scrambler, the water 
molecules are broken down into the oxygen molecules and to hydrogen molecules by means of 
electrolysis. In the same way, if A, B, C, and D are, respectively, any one of the isotope atoms 
16 0, 17 0, and ls O, the water molecules are broken down into oxygen molecules and hydrogen 
molecules by means of reactions like the following: 

H 2 A + H 2 C -> 2H 2 + AC; or 

H 2 B + H 2 D 2H 2 + BD; or 

2H 2 C -> 2H 2 + CC 

The combination of the oxygen atoms which make up the oxygen molecules obtained here are 
determined randomly by the relative abundance of the oxygen isotopes present in the water 
molecules. 

In addition, when a plurality of types of isotope molecules are present as described 
above, each molecule randomly exchanges the coupled atoms from which it is formed is called 
"isotope scrambling", and the apparatus in which this takes place is called an "isotope 
scrambler". 

When a method using an isotope exchange reaction catalyst is used as the 
above-mentioned isotope scrambler 47, an isotope exchange reaction occurs within the 
catalytic column of the isotope scrambler 47 due to the isotope exchange reaction catalyst. 

Isotope exchange is a reaction wherein coupled atoms in a two-atom molecule are 
exchanged with other atoms on the surface of a sufficiently heated catalyst. 
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In other words, if, for example, A, B, C, and D are, respectively, any one of the isotope 
atoms, 16 0, 17 0, and 18 0, isotope exchange is a reaction in which: 

AB + CD = AC + BD; or 
AB + CD = AD + BC 

If a particular isotope atom is considered, after sufficient time has passed, an isotope 
atom which couples to form a molecule is randomly determined according to the abundance 
ratio of each isotope constituent prior to isotope exchange. 

Accordingly, the abundance ratio of each isotope in the reactant material (i.e., oxygen 
isotope molecule) obtained by means of isotope exchange by means of the isotope scrambler 47 
is determined according to the abundance ratio of each isotope in the output vapor 115. 

In other words, for example, the components of i6 0 16 0, 16 0 17 0, and 16 O l8 0 are present 
in the output vapor 115. If the respective molar ratios of these components is Yn, Y12, and Y13, 
the combination of oxygen atoms which make up the oxygen molecules changes randomly 
based on the abundance probability of each of the isotopes by means of the isotope scrambler 47 
using either of the above-described methods, the concentration of each component after the 
isotope scrambling is as follows: 



16 O l6 0:(Y,i+Yi 2 /2 + Yi 3 /2) 2 


...(i) 


16 0 17 0:(Y,, + Y I2 /2 + Y 13 /2) Y 12 


...(ii) 


16 0 18 0: (Y„ + Y, 2 / 2 + Y, 3 / 2) Y 13 


...(iii) 


17 O n O: Y 2 , 2 /4 


...(iv) 


17 0 18 0: Y 12 Yi 3 /2 


...(V) 


18 0 18 0: Y 2 I3 /4 


...(vi) 



A part of the 16 0 which is contained in the 16 0 I7 0 and 16 0 18 0 becomes 16 O l6 0, and 
accompanying this the concentration of oxygen molecules ( l8 0 18 0, 17 0 18 0 and 17 0 17 0, 
hereinafter referred to as heavy oxygen molecules) consisting of the heavy components ( 17 0 

1 o 

and O) increases. 

The reaction product in which the concentration of heavy oxygen molecules has been 
increased using the isotope scrambler 47 is supplied to column Ai through conduit 49 as isotope 
scrambler return vapor 116, and thereafter passes through columns Ai to An. 
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The heavy oxygen molecules have a higher boiling point and are easily enriched, 
therefore, the concentration of heavy oxygen isotopes is further increased in this process. 

In the enrichment method of oxygen isotopes of the above-described embodiment, it is 
possible to shorten the start-up time in the same way as in the above-described first 
embodiment. 

In addition, the heavy oxygen isotope enriched material obtained by means of columns 
A 1 to Ah is supplied to the isotope scrambler 47, the concentration of heavy oxygen molecules 
within the enriched material is increased by means of isotope scrambling which occurs in the 
isotope scrambler 47, the enriched material is then supplied to the columns Ai to An, and the 
concentration of heavy oxygen isotopes is further increased. Therefore, it is possible to obtain a 
product containing a high concentration of heavy oxygen isotopes. 

In addition, the apparatus shown in the figure has a structure in which the conduit 49 on 
the outlet side of the isotope scrambler 47 is connected to the ith column Ai. In this way, the 
column to which the conduit 49 on the outlet side of the isotope scrambler 47 is connected is 
preferably further down stream (to the later stage side) from the hth column Ah to which the 
conduit 48 on the inlet side of the isotope scrambler 47 is connected. However, the present 
invention is not limited to this, and the column to which the outlet side conduit 49 is connected 
may be the column to which the inlet side conduit 48 is connected or may be upstream (to the 
earlier stage side) from that column. 

In other words, the isotope scrambler 47 can be inserted at any part of "the apparatus 
constructed from a plurality of distillation columns" which is constructed in a cascade. For 
example, it is possible to draw off vapor from any place of the kth column (including the 
distillation column, the condenser, the reboiler, the piping, etc.) process it in the isotope 
scrambler, and return it to any place of the jth column (including the distillation column, the 
condenser, the reboiler, the piping, etc.). Here, the size relationship between k and j is 
unrestricted, and it is also possible for the k and j to be equal. However, in order for the isotope 
scrambling to be conducted efficiently, the place at which the vapor is extracted from the 
apparatus is preferable a position at which 16 O l8 0 is most enriched. In addition, it is preferable 
for the position to which the vapor is returned to the distillation column after isotope 
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scrambling be at a later stage (location at which the l8 0 18 0 is more enriched) than the place of 
extraction, because the concentration of 18 0 I8 0 in the vapor after the isotope scrambling is 
greater than the concentration of the isotope l8 0 18 0 at the position of extraction. 

In addition, in the present invention, it is possible to obtain heavy oxygen water by 
means of supplying oxygen extracted from the above-mentioned final column An to the 
above-mentioned hydrogenation reaction apparatus 300, and converting it to water. 

Next, the results of computer simulations for situations in which enrichment in heavy 
oxygen isotopes was conducted using each of the above-mentioned apparatuses will be 
explained. 

The distillation theory employed in designing the distillation column according to the 
present invention and the distillation theory employed in this simulation use a rate model 
relating to mass transfer, in which the so-called H.E.T.P. (Height Equivalent to a Theoretical 
Plate) or equilibrium stage model were not used. 

In the distillation theory using this rate model, the mass flux N is expressed in the 

following way using the diffusion flux J and convection p v. 

N = Jqs + Pgs vgs cogs 
In addition, as the formula for the correlation related to mass transfer, it is possible to 

give the following. 

ShGsGWN) - AiRec^ * Sc GS A3 
wherein Sh, Re, and Sc are respectively defined by the following formulae. 

Sh G s = Nd/(pos D G s A co G s) 

Reo = pcUod/^G 

Scqs = Mos /(PgsDgs) 
N: mass flux [kg/(m 2 *s)] 
J: diffusion flux [kg/(m -s)] 
d: equivalent diameter [m] 
D: diffusion coefficient [m 2 /s] 
p: density [kg/m 3 ] 
v: velocity [m/s] 
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co: concentration [kg/kg] 
Sh: Sherwood number [-] 
Re: Reynolds number [-] 
Sc: Schmidt number [-] 
subscript G: vapor phase 
subscript S: vapor-liquid interface 

The advantages with this rate model are that it is possible to correctly predict the mass 
transfer of an intermediate component within a multi-component system, and it does not give 
unrealistic results such as the negative values obtained with H.EXP, or Murphree's plate 
efficiency which occur when making calculations by means of the equilibrium stage model. 

The aforementioned model is disclosed in detail in J.A. Wesselingh: "Non-equilibrium 
modeling of distillation" IChemE Distillation and Absorption 4 97, vol. 1, pp. 1-21 (1997). 

Example 1 

Table 2 shows the results of a simulation conducted using the above-mentioned model 
for a situation in which enrichment in oxygen isotopes was carried out using the enrichment 
apparatus shown in Figure 1. The specifications for the apparatus are shown in Table 1. 

Conventional Example 1 

The results of a simulation conducted for a situation in which the enrichment in oxygen 
isotopes was carried out using the conventional apparatus shown in Figure 19 are shown 
together in Table 2. 

In this conventional apparatus the diameter of the first through third columns and the 
packing height were assumed to be the same as in the apparatus of Example 1 . In addition, the 
amount of feed, the amount of product, the reflux ratio, and the like were also given the same 
values as for Example 1 . 
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Table 1 





First Column 


Second Column 


Third Column 


Packing height (m) 


150 


150 


150 


Internal diameter of Column (m) 


0.4 


0.2 


0.08 


Specific surface area of packing (m 2 /m 3 ) 


500 


500 


500 



Table 2 





Conventional 
Example 1 


Example 1 


First 
Column 


Condenser 


Amount of hpfif pvcVhflnpe fk^W^I 


109.6 


109.6 


Feed 


Flow rfitp Anol/O 


1.0 
(vapor) 


1.0 

(vapor) 


Pressure (kPa) 


120 


120 


16q18q concenn - a tion (ppm) 


4070 


4070 


Ascending vapor 


Flow rate (mol/s) 


16.4 


16.4 


Reboiler 


Amount of heat exchange (kW) 


106.0 


113.2 


Second 
Column 


Condenser 


Amount of heat exchange (kW) 


24.2 


31.7 


Feed 


Flow rate (mol/s) 


0.53 
(liquid) 


0.53 
(vapor) 


Pressure (kPa) 


156 


120 


16 0 18 0 concentration (%) 


2.29 


2.01 


Ascending vapor 


Flow rate (mol/s) 


4.2 


4.2 


Reboiler 


Amount of heat exchange (kW) 


27.2 


28.6 


Third 
Column 


Condenser 


Amount of heat exchange (kW) 


3.8 


5.0 


Feed 


Flow rate (mol/s) 


0.084 
(liquid) 


0.084 
(vapor) 


Pressure (kPa) 


193 


122 


16 0 ,s O concentration (%) 


16.9 


15.2 


Ascending vapor 


Flow rate (mol/s) 


0.668 


0.668 


Column bottom 
product 


Flow rate (mol/s) 


4.0 X 10" 4 
(vapor) 


4.0 X 10" 
(vapor) 




Pressure (kPa) 


230 


160 




16 0 ,!i O Concentration (-) 


65.0 


67.6 


Reboiler 


Amount of heat exchange (kW) 


4.4 


4.5 


16 0 18 0 

hold-up 


Packing layer/cone 


enser/reboiler (mol) 


865 


803 


Liquid supply piping (mol) 


109 


2.2 


Total (mol) 


974 


805 


Start-up Time (days) 


39 


30 



From Table 2 it can be seen that the concentration of i6 0 18 0 in the product is higher for 
the method of Example 1 in which the apparatus of Figure 1 was used than in the method of 
Conventional Example 1 in which a conventional apparatus was used. 
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This can be considered to be due to the fact that it is possible for the situation in 
Example 1 to reduce the pressure within the columns compared with Conventional Example 1, 
and as a result it is possible to increase the relative vapor pressure of each of the components 
within the column and to improve the efficiency of the distillation. 

In addition, from Table 2, it can be seen that it is possible to shorten the start-up time of 
the apparatus. This is considered to be due to the following reasons. 

In Conventional Example 1, almost all of the sections of the piping which is the liquid 
supply conduits between the first column and the second column and between the second 
column and the third column are full of liquid. In contrast, in Example 1, of the piping (return 
conduits 14 and 15) which are the liquid supply conduits from the second column to the first 
column and from the third column to the second column, only a few sections which correspond 
to the liquid head portion corresponding to the pressure difference for the bottom of the column 
and the top of the column between the first column and the second column, and between the 
second column and the third column are full of liquid. 

For this reason, in Example 1, it is possible for the amount of liquid hold-up to be 
reduced, and for the start-up time to be shortened. 

When Example 1 and Conventional Example 1 are compared, it was possible to obtain 
an overwhelmingly superior result for the liquid hold-up of the 16 0 18 0 component within the 
liquid supply piping for Example 1 over Conventional Example 1 . In particular, when the 
column diameter is smaller than in Example 1 and Conventional Example 1, since the relative 
size of the diameter of the liquid supply piping can be considered to be larger, it is considered 
that the difference in the liquid hold-up of the whole apparatus between the apparatus of the 
present invention and the conventional apparatus will become greater, and that the superiority 
of the apparatus of the present invention with regard to the point of start-up time will be even 
more obvious. 

In addition, the amount of liquid hold-up of the I6 0 18 0 component compared with 
Example 1 is considered to reach as much as three times or greater for a situation in which 
enrichment of oxygen isotopes is conduced using a distillation column in which unstructured 
packing is used instead of the structured packing used in Example 1 . Compared with an amount 
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for the liquid hold-up of 2 to 3% of the volume of the packing layer for structured packing, the 
amount for the liquid hold-up for unstructured packing is considered to be 10 to 20%. 

In this way, since it is possible to reduce the amount of liquid hold-up when using 
structured packing, it is possible to greatly shorten the start-up time. 

In addition, since a liquid pump is not used in the method of this Example 1, the power 
for operating such a pump is not required. 

The following are other advantages that result from not using a liquid pump, 

(1) There are reductions in apparatus/machinery costs 

(2) There is no need to perform maintenance on liquid pumps, or to switch back up 
liquid pumps associated therewith, and therefore it is possible for stable and continuous 
operation. 

(3) It is possible to reduce operation costs for the liquid pump. 

(4) It is possible to reduce operation costs for supplemental cooling (such as a nitrogen 
cycle) due to the need to reduce heat loss resulting from the liquid pump. 

On the other hand, the amount of heat exchange for the condensers and the reboilers is 
greater in the present embodiment than in the conventional example and this is disadvantageous 
form the point of view of operation cost. This is because in the present invention the liquid 
which was the feed from the first column to the second column and from the second column to 
the third column in conventional apparatuses is vaporized once in the reboiler, and thereafter 
liquefied in the condenser. In addition, the vapor which was returned from the second column 
to the first column and from the third column to the second column in conventional apparatuses 
is liquefied once in the condenser and thereafter vaporized in the reboiler in the present 
invention. 

This point is the cost of obtaining the advantages of the present invention that liquid 
pumps are unnecessary and that the pressure at the tops of the columns is reduced, and when a 
comparison is made with the conventional method which makes use of liquid pumps, this 
disadvantage is very small when compared with the advantages obtained by the present 
invention. 
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Example 2 

Table 4 shows the results of a simulation for a situation of producing heavy oxygen 
water using water as a starting material and using the apparatus shown in Figure 1 . The 
specification for the apparatus are shown in Table 3. 

Conventional Example 2 

The results of a simulation conducted for a situation of producing heavy oxygen water 
using water as a starting material was carried out using the conventional apparatus shown in 
Figure 19 are shown together in Table 4. 

In this Conventional Example 2 the diameter of the first through third columns and the 
packing height, the amount of feed, the amount of product, the reflux ratio, and the like had the 
same values as for Example 2. 



Table 3 





First Column 


Second Column 


Third Column 


Packing height (m) 


100 


100 


100 


Internal diameter of Column (m) 


0.1 


0.08 


0.06 


^ — • 1 3 — 

Specific surface area of the packing (m /m ) 


500 


500 


500 
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Table 4 





Conventional 
Example 2 


Example 2 


First 
Column 


Condenser 


Amount of heat exchange (kW) 


26.6 


26.6 


Feed 


Flow rate (mol/s) 


0.01 

(vapor) 


0.01 
(vapor) 


T3*-£i» coil t*c> f VPct l 

Jrrebburc \&.r<x) 


127 


127 


r±2 ^ concciiLrd.LHJii ^ppinj 


2040 


2040 


/\scenciing v<tpor 


-TIUW XdtC \i.lL\)liO) 


0.663 


0.663 


Reboiler 


/\mouni oi nedi cAciiaiigc w j 


25.8 


27.3 


Second 
Column 


Condenser 


Amount of heat exchange (kW) 


16.5 


18.1 


Feed 


Flow rate (mol/s) 


0.0184 
(liquid) 


0.0184 
(vapor) 


pressure {Ktsl) 


151 


120 


r±2 yJ conceniTd-iion (jjpiii^ 


6640 


6220 


Ascending vapor 


Flow rate (mol/s) 


0.434 


0.434 


Reboiler 


Amount of heat exchange (kW) 


17.1 


17.6 


Third 
Column 


Condenser 


Amount of heat exchange (kW) 


9.5 


9.9 


Feed 


Flow rate (mol/s) 


0.00417 
(liquid) 


0.00417 
(vapor) 


Prp<j*5nrp 


177 


120 


H 2 I!i O concentration (%) 


2.73 


2.71 


Ascending vapor 


Flow rate (mol/s) 


0.243 


0.243 


Column bottom 
product 


Flow rate (mol/s) 


2.0 X 10° 
(vapor) 


2.0 X 10° 
(vapor) 


Pressure (kPa) 


200 


152 


H 2 18 0 Concentration (%) 


9.41 


10.7 


Reboiler 


Amount of heat exchange (kW) 


9.7 


9.7 


hold-up 


packing layer/cone 


enser/reboiler (mol) 


40.9 


42.3 


Liquid supply piping (mol) 


14.2 


0.30 


Total (mol) 


55.1 


42.6 


Start-up Time (days) 


303 


206 



From Table 4, it can be seen that the concentration of H 2 ls O in the product is higher for 
the method of Example 2 in which the apparatus of Figure 1 was used when compared to the 
method of Conventional Example 2 in which a conventional apparatus was used. 

In addition, it can be seen that the amount of liquid hold-up is reduced and that it is 
possible to shorten the start-up time of the apparatus. 



Example 3 
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Table 7 shows the results of a simulation for a situation of producing heavy oxygen 
water using the apparatus shown in Figure 12. 

The oxygen distillation column unit Fi has ten distillation columns, and the water 
distillation column unit F 2 has five distillation columns. The specifications for the oxygen 
distillation column unit Fi are shown in Table 5, and the specifications for the water distillation 
column unit F2 are shown in Table 6. 



Table 5 



Column number 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


Height (m) 


50 


50 


50 


50 


50 


50 


50 


50 


50 


50 


Internal diameter of 
column (m) 


0.7 


0.5 


0.4 


0.3 


0.25 


0.20 


0.15 


0.10 


0.05 


0.05 


Specific surface area of 

2 3 

packing (m /m ) 


500 


500 


500 


500 


500 


500 


500 


500 


500 


500 


Pressure at top of column 
(kPa) 


120 


120 


120 


120 


120 


120 


120 


120 


120 


120 


Pressure at bottom of 
column (kPa) 


130 


130 


130 


130 


130 


130 


130 


130 


130 


130 


Amount of heat exchange 
in condenser (kW) 


304.3 


179.1 


112.6 


62.7 


42.1 


26.1 


14.3 


6.4 


1.8 


1.7 


Amount of heat exchange 
in reboiler (kW) 


328.2 


168.5 


106.2 


59.3 


40.2 


25.2 


13.9 


6.2 


1.7 


1.5 



Table 6 



Column number 


1 


2 


3 


4 


5 


Height (m) 


50 


50 


50 


50 


50 


Internal diameter of 
column (m) 


90 


75 


60 


50 


40 


Specific surface area of 

2 3 

packing (m /m ) 


500 


500 


500 


500 


500 


Pressure at top of column 
(kPa) 


120 


120 


120 


120 


120 


Pressure at bottom of 
column (kPa) 


130 


130 


130 


130 


130 


Amount of heat exchange 
in condenser (kW) 


18.8 


13.3 


8.5 


5.9 


3.8 


Amount of heat exchange 
in reboiler (kW) 


19.2 


13.2 


8.4 


5.9 


3.6 
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Table 7 



Oxygen distillation 
column 


Feed vapor 


Flow rate 


1.0 mol/s 


l6 0 18 0 concentration 


4070 ppm 


( 18 0 atomic fraction) 


2040 ppm 


Intermediate product 
vapor 


flow rate 


4.0 X 10' 4 (vapor) 


16 0 18 0 concentration 


95.9% 


( 18 0 atomic fraction) 


48.3% 


16 0 18 0 hold-up 


2550 mol 


Start-up time 


71 days 


Water distillation 
column 


Feed vapor 


Flow rate 


8.0 X 10" 4 (vapor) 


H2 ls O concentration 


48.3% 


( ls O atomic fraction) 


48.3% 


Product vapor 


flow rate 


1.0 X 10" 4 (vapor) 


H2 18 0 concentration 


97.2% 


( 18 0 atomic fraction) 


97,2% 


H 2 18 0 hold-up 


948 mol 


Start-up time 


68 days 



From Table 7 it can be seen that it was possible to obtain heavy oxygen water enriched 
to 97% or greater in a heavy oxygen isotope ( ls O). 

In this Example 3, it is possible to produce an amount of approximately 60 kg per year. 
The start-up time for the apparatus including both the distillation column unit Fi for oxygen 
enrichment and the distillation column unit F 2 for water distillation was approximately 140 
days. 

As an example in which enrichment of heavy oxygen isotopes ( ls O) is conducted using 
water distillation as in this Example 3, there is the example reported by Thode, Smith, and 
Walking: Canad. J. Res. 22, 127 (1944) as recited in US patent 5057225. For this example, it 
was reported that 150g of water in which the heavy oxygen isotope ( ls O) was enriched to 1.3% 
by means of a cascade process comprising three distillation columns. 

In this conventional example, the time required for start-up was 120 days. In 
consideration of productivity, it is clear from Example 3 that it is possible to greatly shorten the 
start-up time compared with conventional technology. 



Example 4 
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Table 9 shows the results of a simulation for a situation in which enrichment in heavy 
oxygen isotopes ( ls O) is conducted using the apparatus shown in Figure 14. 

In addition, Figure 16 shows the concentration distribution for each isotope within each 
column. 

It was assumed that the number (n) of distillation columns was 10 and the isotope 
scrambler 47 was arranged between the sixth column and the seventh column. The 
specifications of the apparatus are shown in Table 8. In the table, the isotope scrambler supply 
vapor indicates the output vapor 115 which is supplied to the isotope scrambler 47 through the 
conduit 48, and the isotope scrambler return vapor indicates the isotope scrambler return vapor 
1 16 which is drawn off from the isotope scrambler 47 and supplied to column Ai through 
conduit 49. 



Table 8 



Column number 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


Height (m) 


50 


50 


50 


50 


50 


50 


50 


50 


50 


50 


Internal diameter of 
column (m) 


230 


170 


120 


88 


64 


47 


34 


25 


18 


13 


Specific surface area of 
packing (m 2 /m 3 ) 


500 


500 


500 


500 


500 


500 


500 


500 


500 


500 


Pressure at top of column 
(kPa) 


120 


120 


120 


120 


120 


120 


120 


120 


120 


120 


Pressure at bottom of 
column (kPa) 


130 


130 


130 


130 


130 


130 


130 


130 


130 


130 


Amount of heat exchange 
in condenser (kW) 


36.24 


21.82 


10.19 


5.40 


2.82 


1.50 


0.77 


0.40 


0.21 


0.11 


Amount of heat exchange 
in reboiler (kW) 


38.14 


20.19 


10.00 


5.35 


2.81 


1.50 


0.76 


0.40 


0.21 


0.10 
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Table 9 



Oxygen Distillation 
Column 


Feed vapor 


Flow rate 


0.3 mol/s 


i6qi»q concen tration 


4070 nnm 


18 0 I8 0 concentration 


4.2 ppm 


( O atomic fraction) 


2040 ppm 


Isotope scrambler 
supply vapor 


flow rate 


6.0 X 10" 4 mol 


i6q1Sq concen t ra tion 


51.4% 


18 0 18 0 concentration 


16.2% 


( 18 0 atomic fraction) 


42.1% 


Isotope scrambler 
return vapor 


flow rate 


6.0 X 10" 4 mol 


i6q18q conC entration 


48.3% 


18 O l8 0 concentration 


17.7% 


( I8 0 atomic fraction) 


42.1% 


Product vapor 


flow rate 


1 0 X 10" 5 mol 

1 • \J * ^ A \y JLJ.AV/A 


16 O ls O concentration 


5.5% 


18 0 18 0 concentration 


94.1% 


F£ " ~ • 

( 0 atomic fraction) 


97.0% 


16 0 18 0 hold-up 


222 mol 


18 0 18 0 hold-up 


55 mol 


Start-up time 


73 days 



From Table 9, it is clear that it is possible to obtain an enriched material which has been 
enriched to 97% or greater heavy oxygen isotopes ( 18 0) by means of Example 4. 

In Example 4, it can be seen that it is possible to produce an amount of approximately 1 2 
kg per year ? and that the start-up time for the apparatus is 73 days. 

In the apparatus shown in the present embodiment, the flow rate of 18 0 18 0 
accompanying the product vapor is: 

[flow rate of product vapor] X [concentration of 18 0 18 0 within the product vapor] 

= 1 X 10" 5 (mol/s) X 0.941 =9.4 X 10" 6 (mol/s) 

On the other hand, the flow rate of I8 0 18 0 supplied to the apparatus accompanying the 
feed vapor is: 

[flow rate of feed vapor] X [concentration of l8 0 18 0 within the feed vapor] 
-0.3 (mol/s) X 4.2 X 10" 6 - 1.3 X 10" 6 (mol/s) 

This is much less than the flow rate of 18 0 18 0 which accompanies the product vapor. 
The isotope scrambler in the present embodiment is provided to compensate for the 
scarcity of the above-mentioned 18 O l8 0. More specifically, by means of treating in the isotope 
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scrambler the enriched oxygen vapor enriched to a high concentration (preferably to 45% or 
greater) of !6 0 18 0 within the distillation column, new 18 0 !8 0 is generated, and by returning this 
to the distillation column again, it is possible to collect a larger amount of I8 O l8 0 than the 
amount of I8 0 I8 0 supplied with the feed vapor. As it is clear from Table 9, in the present 
embodiment, the amount of 18 0 18 0 produced by means of the isotope scrambling is shown by 
the following formula. 

[amount treated by the isotope scrambler] X ([concentration of 18 O l8 0 at the outlet] - 

[concentration of 18 O l8 0 at the inlet]) 
-6.0 X 1(T 4 X [0.177 -0.162] 
= 9.0 X 10 -6 (mol/s) 

If this is combined with the 1.3X1 0" 6 (mol/s) of 18 0 18 0 supplied by means of the feed 
vapor, the total amount of l8 0 18 0 supplied to the distillation column is 10.3 X 10" 6 (mol/s). 
Therefore, it is possible to collect the above-mentioned I8 0 18 0 of 9.4 X 10" 6 (mol/s) in the 
product. 

If an isotope scrambler were not provided, the amount of feed vapor would have to be 
increased by at least 7.2 (i.e. (9.4 X 10" 6 )/(1.3 X 10" 6 )) times and, associated with this, it would 
be necessary for the distillation columns to have larger diameters. This would not be desirable 
from the point of view of hold-up and start-up time. In other words, by means of the provision 
of the isotope scrambler in the apparatus shown in the present embodiment, it is possible to 
collect a product enriched in heavy oxygen isotopes using an apparatus which has a column 
diameter smaller than in the past. 

Example 5 

Figure 10 shows the results of a simulation of the distillation of stable oxygen isotopes 
using an apparatus in which the number of distillation columns has been increased to 16, and 
using exactly the same process as the apparatus of Figure 1. The specifications for this 
apparatus are shown in Table 1 1 . 
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Table 10 



Feed (liquid) 


flow rate (mol/s) 


0.1 


16 0 17 0 concentration ( 17 0 atomic fraction) ppm 


738 (370) 


16 0 18 0 concentration ( I8 0 atomic fraction) ppm 


4070 (2040) 


Product vapor 1 
(collected at bottom 
of 11 th column) 


flow rate (mol/s) 


8.0 X 10" 6 


16 0 17 0 concentration ( iy O atomic fraction) % 


49.6 (24.8) 


16 0 18 0 concentration ( 18 0 atomic fraction) % 


36.7(18.4) 


Product vapor 2 
(collected at bottom 
of 16 th column) 


flow rate (mol/s) 


1.65 X 10" 4 


16 0 17 0 concentration ( 17 0 atomic fraction) % 


3.8(1.9) 


16 0 18 0 concentration ( ls O atomic fraction) % 


96.0 (48.2) 



The feed was supplied to the first column. 



Table 1 1 



Column Number 


1 


2 


3 


4 


5 


6 


7 


8 


Height (m) 


80 


80 


80 


80 


80 


80 


80 


80 


Internal diameter of column 
(mm) 


320 


320 


320 


320 


240 


240 


180 


180 


Specific surface area of packing 
(m 2 /m 3 ) 


500 


500 


500 


500 


500 


500 


500 


500 


Pressure at top of column (kPa) 


120 


120 


120 


120 


120 


120 


120 


120 


Pressure at bottom of column 
(kPa) 


140 


140 


140 


140 


140 


140 


140 


140 


Amount of heat exchange in 

condenser 

(kW) 


65.15 


73.18 


73.53 


72.57 


41.25 


40.59 


22.92 


22.22 


Amount of heat exchange in 
reboiler (kW) 


73.31 


73.54 


72.58 


69.98 


40.61 


39.09 


22.28 


21.36 
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Table 11 (part 2) 



Column Number 


9 


10 


11 


12 


13 


14 


15 


16 


Height (m) 


80 


80 


80 


80 


80 


80 


80 


80 


Internal diameter of column 
(mm) 


130 


130 


100 


100 


72 


72 


55 


55 


Specific surface area of packing 
(m 2 /m 3 ) 


500 


500 


500 


500 


500 


500 


500 


500 


Pressure at top of column (kPa) 


120 


120 


120 


120 


120 


120 


120 


120 


Pressure at bottom of column 
(kPa) 


140 


140 


140 


140 


140 


140 


140 


140 


Amount of heat exchange in 

condenser 

(kW) 


11.42 


10.95 


6.36 


6.23 


3.21 


3.19 


1.86 


1.86 


Amount of heat exchange in 
reboiler (kW) 


11.05 


10.76 


6.29 


6.20 


3.20 


3.18 


1.86 


1.83 



The present embodiment has the object of obtaining a product which is enriched in the 
intermediate component of 16 O i7 0, and is a case in which the total height of the distillation 
column has been increased. 

Figure 17 shows a composition distribution for each of the oxygen isotopes within the 
column and, in this embodiment, a peak of the 16 0 17 0 is apparent in the vicinity of the tenth to 
twelfth columns, therefore, it is possible to obtain a 16 0 17 0 enriched product by means of 
collecting vapor liquid from at least one place in these columns. 

In this example, vapor is collected from the bottom (the outlet of the reboiler) of the 
eleventh column as product vapor L In addition, vapor drawn off from the bottom of the 
sixteenth column is collected as product vapor 2. 

In this example, the concentration of l6 0 17 0 in product 1 is approximately 50%, 
however, if the total height of the distillation column is increased further, it is possible to obtain 
further enriched I6 0 I7 0. 

In the present example, oxygen which has been purified to 99,999% or greater is 
supplied to the first column as feed. The amount of l6 0 I7 0 in the feed is 738 ppm, and the 
amount of 16 0* 8 0 is 4070 ppm. 
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The product vapor 1 is collected form the bottom of the eleventh column. If this product 
vapor 1 2 is processed in a hydrogenation apparatus in order to obtain water in its normal form, 
heavy oxygen water having a concentration of 17 0 of approximately 25%. 

Product vapor 2 is collected from the bottom of the sixteenth column. If this is 
processed in a hydrogenation apparatus, heavy oxygen water having a concentration of 18 0 of 
approximately 48% is obtained. 

When n O is not needed and only a product vapor which is enriched in I6 0 18 0 is 
required, a distillation column having a total height shorter than the present example can be 
used. In that case, the composition for the peak of 16 O n O is approximately 1%. More 
specifically, if the composition distribution of 16 0 18 0 of Figure 17 is considered, from the first 
column to vicinity of the sixth column, the slope of the composition is small, and in order to 
enrich 16 O n O to a high concentration, it is necessary to increase the total height beyond that 
necessary for i6 0 I8 0 in the present example. In other words, if the total packing height is 
increased, it is possible to enrich the intermediate components using the apparatus of the 
present invention. 
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What is claimed is: 

1 . An apparatus for separation of a vapor or liquid mixtures comprising a plurality of 
components using a plurality of distillation columns (a first column to an n th column) 
constructed in a cascade comprising: 

introduction conduits which connect the bottom of a k th column (1 ^ k ^ (n-1)) or an 
outlet of a reboiler provided in the vicinity of the bottom of the k th column to the top of a (k+l) th 
column, an inlet of a condenser provided in the vicinity of the top of the (k+l) th column, or the 
middle section of the (k+l) th column; and 

return conduits which connect an outlet of the condenser of the (k+l) th column to an 
inlet of the reboiler provided in the vicinity of the bottom of the k th column, the bottom of the k th 
column, or the middle section of the k th column. 

2. An apparatus for separation of a vapor or liquid mixture comprising a plurality of 
components using a plurality of distillation column (a first column to an n th column) 
constructed in a cascade comprising: 

introduction conduits which connect the bottom of a k th column (1 ^ k ^ (n-1)) or an 
outlet of a reboiler provided in the vicinity of the bottom of the k th column to the top of a (k+l) th 
column, an inlet of a condenser provided in the vicinity of the top of the (k+l) th column, or the 
middle section of the (k+l) th column; and 

return conduits which connect the top of the (k+l) th column, or the inlet of the 
condenser provided in the vicinity of the top of the (k+l) th column to the bottom of the k th 
column or the middle section of the k th column via a blower. 

3. An apparatus according to one of claims 1 and 2, wherein at least one of the distillation 
columns is a packed column in which structured packing (promoting-fluid-dispersion type 
structured packing or non-promoting-fluid-dispersion type structured packing) is used, or a 
wetted wall column. 
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4. An apparatus according to one of claims 1 and 2 comprising: 
an isotope scrambler; 

an extraction conduit which connects at least one section of said apparatus to an inlet of 
the isotope scrambler; and 

a return conduit which connects at least one section of said apparatus to an outlet of the 
isotope scrambler. 

5. An apparatus according to one of claims 1 to 4, comprising: 
a hydrogenation device at a stage after the n th column. 

6. A method of enrichment of oxygen isotopes in which an oxygen starting material 
containing heavy oxygen isotopes is enriched by means of a cascade process using a plurality of 
distillation columns (a first column to an n th column) comprising: 

supplying at least a part of the vapor from the bottom of a k th (1 ^ k S (n-1)) column or 
an outlet of a reboiler provided in the vicinity of the bottom of the k th column to the top of a 
(k+l) th column, an inlet of a condenser provided in the vicinity of the top of the (k+l) th column, 
or a middle section of the (k+l) th column; 

returning at least a part of the liquid from the top of the (k+l) th column or an outlet of 
the condenser of the (k+l) th column to an inlet of a reboiler of the k th column, the bottom of the 
k th column, or the middle section of the k* column; and thereby 

carrying out enrichment in at least one type of oxygen molecule of 16 0 17 0, 16 0 18 0, 
i7 0 17 0 ? 17 0 I8 0 5 and 18 O l8 0 which contain heavy oxygen isotopes. 

7 A method of enrichment of oxygen isotopes in which an oxygen starting material 
containing heavy oxygen isotopes is enriched by means of a cascade process using a plurality of 
distillation columns (a first column to an n th column) comprising: 

supplying at least a part of the vapor from the bottom of a k th (1 ^ k ^ (n-1)) column or 
an outlet of a reboiler provided in the vicinity of the bottom of the k th column to the top of a 
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(k+ 1 ) column, an inlet of a condenser provided in the vicinity of the top of the (k+ 1 ) th column, 
or a middle section of the (k+l) th column; 

pressurizing at least a part of a vapor drawn off from the top of a (k+l) th column or a 
vapor from an inlet of the condenser of the (k+l) th column by means of a blower, and then 
returning said vapor to the bottom of the k th column or the middle section of the k th column, and 
thereby 

carrying out enrichment in at least one type of oxygen molecule of 16 0 17 0, 16 0 18 0, 
17 0 17 0, 17 0 18 0, and 18 0 18 0 which contain heavy oxygen isotopes. 

8. A method of enrichment of oxygen isotopes comprising: 

subjecting an oxygen isotope enriched material enriched by means of a method of 
enrichment according to one of claims 6 and 7 to oxygen isotope scrambling to obtain an 
enriched product having an even higher concentration of at least one type of said oxygen 
molecules which contain heavy oxygen isotopes. 

9. A method of enrichment of oxygen isotopes comprising: 

subjecting an oxygen isotope enriched material enriched by means of a method of 
enrichment according to one of claims 6 and 7 to oxygen isotope scrambling to obtain an 
enriched material having a higher concentration of at least one type of said oxygen molecules 
which contain heavy oxygen isotopes; and 

obtaining an enriched product having an even higher concentration of at least one type 
of said oxygen molecules which contain heavy oxygen isotopes by means of conducting a 
method of enrichment according to one of claims 6 and 7 again on said enriched material. 

10. A method of producing heavy oxygen water comprising: 

obtaining an enriched material which has been enriched in at least one component from 
oxygen molecules which contain heavy oxygen isotopes by means of cryogenic distillation of 
an oxygen starting material which contains heavy oxygen isotopes using an apparatus according 
to one of claims 1 and 2; 
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obtaining water containing heavy oxygen water corresponding to said enriched material 
by adding hydrogen to said enriched material; and thereafter, 

further enriching said heavy oxygen water using an apparatus according to one of claims 
1 and 2. 

11. A method of producing heavy oxygen water in which a water starting material 
containing heavy oxygen water is enriched by means of a cascade process using a plurality of 
distillation columns comprising: 

supplying at least a part of the water vapor from the bottom of a k th (1 ^ k ^ (n-1)) 
column or an outlet of a reboiler provided in the vicinity of the bottom of the k th column to the 
top of a (k+l) th column, an inlet of a condenser provided in the vicinity of the top of the (k+l) th 
column, or a middle section of the (k+l) th column, 

introducing at least a part of the water from the top of the (k+l) th column or an outlet of 
the condenser of the (k+l) th column into an inlet of a reboiler of the k th column, the bottom of 
the k th column, or the middle section of the k th column, and thereby 

carrying out enrichment in at least one type of heavy oxygen water of H 2 I7 0, H 2 18 0, 
D 2 n O, D 2 ls O, DH 17 0 and DH ls O which contain heavy oxygen isotopes. 
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Abstract 

An apparatus comprising first to third columns, wherein the outlet of a first column 
reboiler and the inlet of a second column condenser are connected by a first introduction 
conduit, and the outlet of a second distillation column reboiler and the inlet of a third column 
condenser are connected by a second introduction conduit, and additionally the outlet of the 
second column condenser and the inlet of the first column reboiler are connected by a first 
return conduit, and the outlet of the third column condenser and the inlet of the second column 
reboiler are connected by a second return conduit. 
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